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Abstract
The diffusion of Ni(63), Sr(90) and Y (90) in single-crystal CaO 
was investigated over the following temperature ranges using standard 
techniques:
Ni(63): 980-1700°C. (air), 1650-1850°C. (vacuum).
Sr(90): 970-1740°C. (air).
Y (90): 1450-1750°C. (air).
The enthalpies of various reactions were calculated by the original 
Mott-Littleton method to assist in the determination of the charge on the 
diffusing ions and of the main non-impurity factors controlling the observed 
diffusion.
Most measured diffusion co-efficients are believed to represent 
equilibrium lattice diffusion and the discussion of the size effect etc. 
assumed this. However a ’’short-circuit" component perhaps caused by 
damage produced during the preparation of the crystal surface for a run 
was observed after short annealings at 1115°C. and 1220°C.; the parameters 
were similar to those found for "short-circuit" Ca diffusion. A possible 
decrease in the activation energy of Ni large-penetration diffusion below 
1100°C. might possibly be due to the same kind of damage, which would anneal 
out more slowly at lower temperatures.
The Arrhenius plots for the lattice diffusion co-efficients measured 
in air gave the following equations:
D(Ni) = (2.9+^*2) xlO-4 exp(-2.39±.08eV/kT) cm2/sec in 1090-1700°C.
D(Sr) = (3.4+2'^ ) xio"4 exp(-2.58±.08eV/kT) cm2/sec in 1090-1740°C.
The scatter in the data for yttrium diffusion is too great for a least-squares
-13 2fit to be meaningful. D(Y) varies from about 10 cm /sec at 1450°C. to 
lO"11 cm2/sec at 1750°C.
The activation energies for Ni and Sr diffusion in CaO differ by only 
0.2±0.2eV whereas the activation energies for Ni and Sr diffusion in MgO 
differ by 0.8±0.2eV. These results may be explained by thinking of the size 
effect on the correlation enthalpy etc. as counterbalancing the size effect 
on the migration enthalpy; the cancellation is complete when the diffusing 
ion is not too different in size from the host ion but only partial when the
iii
size difference is great. Some empirical relations between the diffusion 
rates of ions of different sizes are given.
D (Sr^+)/D (Y^+) varies between about 10 and 40 in 1450-1750°C., whereas 
D(Ni^+)/D(Sr^+) varies between 2 and 5 in 1090-'1700°C. Thus in this case a 
50% change in the charge of the diffusing ion affects the diffusion rate much 
more than a 50% change in ionic radius. Together with other evidence this 
suggests that the effect of a change in the charge of the diffusing ion on the 
diffusion rate is greater than the effect of a comparable change in the size 
of the diffusing ion. Explanations of the observed charge effects are listed 
and it is compared with those in NiO and MgO.
The rate of Ni diffusion in vacuo, 10  ^to 10  ^cm^/sec in 1650-1850°C., 
is much faster than in air at these temperatures. Among other possibilities 
this enhancement could be due to dissolution of the tracer only occurring 
near regions of rapid diffusion, the effects of hydration damage or a real 
enhancement of the lattice diffusion co-efficient in vacuo. If the last 
possibility be correct, Ni must be diffusing via interstitials in vacuo.
(The diffusion rate via interstitials will, if anything, decrease with 
increasing ambient pressure while that via vacancies will, if anything, 
increase with increasing ambient pressure. Accordingly even if interstitials 
control Ni diffusion in vacuo, they need not necessarily control Ni diffusion 
in air.)
It is tentatively concluded that the lattice diffusion rates in air 
measured in this study are controlled by aliovalent ions present in concen­
trations greater than their solubility limits or by an equilibrium between 
the crystal and atmospheric water vapour. In the latter case the reaction 
enthalpy probably implied by the results is about lV^^l/jeV, which 
agrees in order of magnitude with the enthalpy calculated (7.5eV).
iv
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1CHAPTER I
THEORY AND PREVIOUS WORK
1.1. INTRODUCTION
In many inhomogeneous systems of the various states of matter, it is 
found that the concentration of a constituent changes with time, usually 
tending to a particular value at each point. These changes in concentration 
are due to some random-like transport process, not to bulk flow. This matter 
transport is called diffusion.
Diffusion in solids is studied because:
(1) Rates of diffusion are important in many practical properties of 
materials. For example, they are related to sintering and reaction rates 
(Lindner (1949)). The diffusion of impurities may seriously affect the 
structural properties of a material.
(2) The observed diffusion is a sum of many random movements of individual 
atoms (or ions). Thus diffusion measurements are a macroscopic way of finding 
out what goes on in the crystal on an atomic scale.
The diffusion properties of metals are now comparatively well understood. 
Alkali halides, which are also quite simple to study, and some non-polar 
semi-conductors have also been extensively surveyed. (For alkali and silver 
halides, see the review articles by Lidiard (1957), Sliptitz and Teltow (1967) 
and Barr and Lidiard (1970).)
The group IIA oxides are a natural next stage, because in several 
ways they constitute an intermediate group.
(1) They are intermediate between alkali halides and important, but complex, 
compounds such as the silicates.
(2) They are intermediate between purely ionic and purely covalent compounds.
CaO has certain general advantages over the other IIA oxides, apart from 
the particular reasons fcr studying it given in Section 1.7 below.
(1) It is easier to handle experimentally than SrO or BaO.
(2) It has a lower melting-point than MgO or BeO, so that., other things 
being equal, it is possible to make measurements closer to the melting-point.
(3) There are fewer reasons for calculations of the energies involved in 
diffusion to be inaccurate than in MgO or BeO, because the cation is larger 
and closer in size to the anion, (see Barr and Lidiard (1970)> p.205).
21.2. THE LAWS OF DIFFUSION AND THE DIFFUSION CO-EFFICIENT
The laws of diffusion involve relations between the fluxes of the
constituents of the system and the driving forces, which include the 
gradients of the chemical potentials (D. Lazarus, (1960), p.75).
For the equations below,
J is the vector (j^ , j , jz), where jx is the amount of the constituent 
crossing unit area normal to the x-direction in unit time, etc., and 
c is the concentration of the constituent, a function of position and time.
In all the experiments that were done:
(1) The condition of equilibrium (no change in concentration with time at
each point of the system) was grad c=0 for all constituents.
(2) The driving forces were proportional to concentration gradients. Under
such conditions, the diffusion flux of each constituent can be expressed by 
Fick's First Law in a natural way. (For the first condition, see Shewmon 
(1963), p.122, and for the second Manning (1968), p.19-20.) The Law states 
(Carslaw and Jaeger (1959) p.28):
J is proportional to grad c. (1.1)
The negative of the constant of proportionality is called the diffusion 
co-efficient, symbolized by D. It is characteristic of the system and the 
constituent so that the results of diffusion experiments are usually expressed 
as measurements of the diffusion co-efficient. In general it is a function of 
time, temperature, position and the concentration gradients in the system; 
for systems of cubic or higher symmetry, such as CaO, it is a scalar.
Most diffusion experiments measure not the flux, but the change in 
the concentration vs. position function after a known diffusion time, so 
that (1.1) cannot be used to determine the diffusion co-efficient. A 
suitable equation, Fick's Second Law, is obtained by combining the continuity 
equation div J + 3c/3t = 0 with (1.1) and the definition of the diffusion 
co-efficient to give
3c/3t = div (Dgradc)• (1.2)
For a diffusion co-efficient independent of position, (1.2) becomes
3c/3t = D(32c/3x2 + 32c/3y2 + 32c/3z2) (1.3)
The diffusion co-efficient is found by comparing the experimental results with 
an appropriate function derived from the solution of (1.3) satisfying the 
laboratory initial and boundary conditions, (see II.6).
The significance of the diffusion co-efficient as a physical quantity
is that it measures the rate of change of a kind of average displacement of 
the diffusing material. Starting with (1.1) and the definition of the 
diffusion co-efficient one may show that in a homogeneous medium of cubic 
or higher symmetry
D = Lim
t sma11 6t (1.4)
2where t is the time during which diffusion has been occurring and (R ) is the 
mean square displacement of the diffusing material. This equation is true 
whether the diffusant is made up of atoms or not. For the sake of concreteness 
the usual proofs of (1.4) (see Adda and Philibert (1966)p.370 et seq.) assume 
that the diffusing material is made up of atoms but this assumption is un­
necessary; by working in terms of probability functions and defining averages 
directly as integrals one can prove (1.4) without any reference to atoms.
Summary
Fick's First Law was stated and the diffusion co-efficient D 
defined from it. The equation used to calculate D from the experimental 
data obtained in this study was derived from Fick's First Law. An equation 
giving the physical significance of D in simple cases was stated.
1.3. THE ATOMIC APPROACH. MECHANISMS OF DIFFUSION 
1.3.1 General Expressions for the Diffusion Co-efficient
The equations so far have not involved the atomic nature of the system. 
More detailed equations that apply to CaO can be obtained by considering the 
particular properties of a crystalline solid.
In a solid, the equilibrium sites for an atom (or ion) are usually 
separated by relatively high energy barriers. Thus an atom must have much 
more than its average energy to be far from an equilibrium position, and so 
will only spend a small fraction of the time in this situation. The movement 
of an atom through the crystal, which must be occurring if diffusion be 
observed, is therefore a series of motions from one equilibrium site to a 
neighbouring one, each move taking place in a time much less than the time 
the atom spends making small vibrations about any one equilibrium position. 
Thus the atom "jumps" from one equilibrium site to the next.
Except near grain-boundaries, etc., the atomic sites in a crystalline 
solid have long-range order and often a simple periodicity (as in CaO). Thus 
the total displacement of an atom, the sum of the individual "jumps", can be
d e s c r i b e d  s im ply  in  te rm s  o f  jump f r e q u e n c i e s  e t c .  D can ,  th rough  t h e  mean 
square  d i s p l a c e m e n t  o f  t h e  d i f f u s i n g  atoms,  be l i k e w i s e  r e l a t e d  t o  jump 
f r e q u e n c i e s .  The mean sq u a re  d i s p l a c e m e n t  w i l l  now be c a l c u l a t e d .
An atom of  some p a r t i c u l a r  k ind  moving th ro u g h  t h e  c r y s t a l ,  w i l l ,  a f t e r  
n jumps,  have  a v e c t o r  d i s p l a c e m e n t  R from i t s  o r i g i n a l  p o s i t i o n  g iven  by
Rn
n
E
i= l
(1 .5 )
The s q u a re  o f  t h e  d i s p l a c e m e n t  i s  g iv e n  by
R .R n n
n n
(E r  ) .  (E r . )
i = l —  j = l —
n n-1 n - j
E I r . I 2 + 2 E E r .  . r .  .
• ,  ' i 1 . , . , 1 1 + 3i = l  —  3 = 1 3 = 1 ---------- jL ~
( 1 . 6 )
(1 .7 )
In s im p le  l a t t i c e s ,  such as  t h a t  of  CaO, a l l  t h e  jumps a r e  o f  t h e  same l e n g t h ,
( 1 . 8 )
n-1  n - j
From (1 .7 )  R .R = n r 2+ 2 r 2 E E cos0 .n n . . . .--------- i = l  i = l
where 0. . . i s  t h e  a n g l e  between t h e  i t h  and ( i + j ) t h  jump
 ^y + 3
n-1 n - j
F i n a l l y ,  |R U  = n r 2 [ l + ( 2 / n ) .  E E cos©. . . ]
- Ü  j = l  i = l  1 ,1  3
(1 .9 )
This  may now be averaged  over  a l l  t h e  atoms o f  t h i s  k ind  t h a t  a r e  p r e s e n t .  I f
t h e  d i r e c t i o n  o f  each jump i s  no t  a f f e c t e d  by t h o s e  b e f o r e  i t ,  w i l l  be
random, and (Rr 2) , t h e  mean sq u a re  d i s p l a c e m e n t ,  r e d u c e s  t o  ( n ) r 2 f o r
s u f f i c i e n t l y  l a r g e  n;  however ,  i n  many d i f f u s i o n  mechanisms jumps a r e
c o r r e l a t e d  w i th  each o t h e r ,  so t h a t  (R 2) w i l l  be s m a l l e r  t h a n  i t s  v a l u en
(R 2) . i f  t h e y  were n o t .  Th is  i s  u s u a l l y  ex p re s s e d  by means o f  t h e
n random
c o r r e l a t i o n  f a c t o r  f :
£ = Lira (Rn 2) a c t u a l / f Rn 25random
n-x»
n -1  n - j
= Lim [1+ (— E E cos0 .  . . ) ]  
n-x* n j = l  i = l  1 ,1  3
(See Shewmon (1963) ,  p . 4 9 ,  102) .
Thus (R 2) = ( n ) r 2fn
= m t r 2f
( 1 . 10)
( 1 . 11)
( 1 . 12)
where m i s  t h e  av e ra g e  jump f r e q u e n c y  o f  t h e  s p e c i e s ,  t  i s  t h e  d i f f u s i o n  t im e .  
S u b s t i t u t i n g  from ( 1 . 4 ) ,
5D = (1/6) 03 r 2f (1.13)
This equation relates D directly to atomic properties. The diffusing substance 
may just be a different isotope of a host species; deductions can then be made 
from the diffusion co-efficient about the unobservable motion of all the ions 
or atoms of that species. It can easily be generalized if the atoms jump by 
different mechanisms, as long as t be sufficiently long for the diffusing 
species to jump sufficiently often in the various ways. Denoting each kind 
of jump by a suffix, if there are n kinds of jumps,
n
D = £ (1/6) w r.2f. (1.14)
i=l
(Manning (1968), p.59-60; see also Hart (1957)).
Note that like (1.4), (1.13) etc^ only hold when the diffusing medium 
is homogeneous. This is called tracer diffusion, and will generally be 
assumed below.
1.5.2. Mechanisms of Diffusion - General
The relation of w, f and r to temperature and atomic properties 
depends on the mechanism of diffusion, the solvent and the diffusing species. 
Diffusion measurements can usually only narrow down the range of possible 
mechanisms, but once the mechanism is known, the changes in the enthalpies 
and entropies involved in the jump can be found.
Real crystals are rarely perfect over more than lOnm or so, but contain 
structural defects, some of which are in thermal equilibrium (e.g. vacancies) 
while others are merely difficult to anneal out (e.g. dislocations). Ions 
always either migrate as structural defects or have their migration assisted 
by them; different mechanisms involve different defects.
Likely mechanisms in CaO will now be discussed (for cation self or 
impurity diffusion). The general model assumed for CaO is the ionic one 
usually used for the alkali halides; because of the smaller band gap, 
electronic defects are more important than in that case. Note that several 
mechanisms can apply simultaneously.
1.5.5. Interstitial Mechanism
Ions at interstitial sites can migrate from one to the next by "pushing 
through" the barrier ions. For tracer diffusion, the jumps are uncorrelated, 
and f=l. In CaO, r=a/2 (a being the lattice parameter).
To calculate w the jump-process must be looked at more closely. A
6graph of the potential part of the energy of the crystal as a function of the 
position of a particular interstitial ion would show "troughs" at the 
equilibrium sites, with "hills" between them. During an ion jump from one 
interstitial site to the next, the crystal will pass through a series of 
intermediate states of higher (potential) energy; the configuration around 
the interstitial ion when the potential part of the energy is a maximum is 
called the saddle-point configuration.
The most rigorous and informative calculation of to is by Glyde (1967). 
He showed that the jump frequency to a given site is given by:
= v exp (-V+/kT) (1*15)
where v is a frequency defined in terms of calculable force constants. For 
the Einstein model, it reduces to the Einstein frequency; in general it 
will be lower than the Einstein (or Debye) frequencies.
V+ is the increase in the "crystal potential" as the configuration 
changes from the equilibrium to the saddle point. It is customary to write 
it (following earlier treatments) in the form H^-TS where
H is the migration enthalpy change (i.e. the change in crystal
enthalpy as the configuration alters to that at the saddle point), 
is the corresponding entropy change,
T is the absolute temperature, (also in (1.15); k is Boltzmann’s 
constant).
He showed this was not correct, but Eqn. (1.15) can still be written formally 
in this way. (Also, the calculation assumes no co-operative effects and a 
thermodynamic equilibrium situation at the saddle-point configuration, so 
that even if V+ be calculated, to will not be accurately reproduced.) 
Therefore, the jump frequency to any neighbouring interstitial site is given 
by
to = 6v exp(S^/k) exp(-Hm/kT) (1.16)
and D = (1/4) a2 vexp (S^/k)exp(-H^/kT) (1.17)
1.5.4. Vacancy Pair Mechanism
Some cation-anion vacancy pairs in nearest-neighbour positions are 
usually found in ionic crystals in thermodynamic equilibrium. A cation 
which is a nearest neighbour of the anion vacancy, and a next nearest 
neighbour of the cation vacancy can cross the barrier into the cation vacancy 
without dissociating the pair. (A dissociating jump by the cation is
7energetically much less likely, because of the Coulomb attraction between the 
vacancies.)
The jump distance r is a/ in CaO. Successive jumps are correlated; 
if the diffusing ion be an isotope of the same element as the host ions, f can 
be obtained from formulae given by Nelson et al. (1970).
In the interstitial mechanism, the number of sites to which an ion 
could jump was simply the number of neighbouring sites. But here a 
structural defect is assisting diffusion, so that a cation must be "adjacent" 
to a pair before it can jump by this mechanism. Thus w depends on two 
variable probabilities:
(1) The probability that a pair will be adjacent to the diffusing cation.
(a) If the cation does not attract or repel vacancy-pairs, the 
probability of finding a pair at a particular position will be the fraction 
of sites occupied by pairs; in CaO there are four sites "adjacent" to each 
cation site, so that the required probability will be four times this fraction.
For pure crystals, the fraction can easily be calculated by minimizing 
the Gibbs free energy of the crystal. (See Shewmon (1963), p.54 for a similar 
calculation for Schottky defects.)
In an NaCl lattice (which is the structure of CaO) the fraction is 
6exp(S /k)exp(-H /kT) (1.18)
where H ^ is the enthalpy of formation of a pair,
S is the entropy of formation of a pair.
For temperatures greater than the Debye temperature,
S is kZ ln(v /v.) where v are the normal-mode frequencies of a.
Pr all P 1 P
freq.
perfect crystal, and are the corresponding frequencies of a crystal con­
taining a vacancy pair, (Vineyard (1954)).
For impure crystals, direct minimizing of the free energy is compli­
cated. (See Lidiard (1960) for a similar example.) Impure crystals can 
contain vacancy-pairs bound to impurity ions as well as the concentration of 
pairs found in pure crystals. These are usually bound by "size" forces, which 
will only cause strong attractions for impurity ions that are practically 
insoluble anyway, so that they make little difference.
Thus the required probability p is given by
= 24exp (Spr/k) exp (-H^/kT) in all cases.P (1.19)
s(b) D i f f u s i n g  ions  w i l l  u s u a l l y  be a t t r a c t e d  o r  r e p e l l e d  by 
vacancy  p a i r s ;  t h i s  w i l l  a l t e r  t h e  p r o b a b i l i t y  o f  f i n d i n g  them n e a r  a 
p a i r .  F o l low ing  L i d i a r d ' s  (1955) t r e a t m e n t  o f  i m p u r i t y - s i n g l e  vacancy  
a s s o c i a t i o n ,  and making t h e  same a s s u m p t i o n s ,  t h e  p r o b a b i l i t y  p o f  f i n d i n g  
t h e  d i f f u s i n g  ion  " a d j a c e n t "  t o  a p a i r  i s  g iven  by
Kb (v)
p = -----------
1+Kb (v)
( 1 . 20)
(See a l s o  L i d i a r d  (1957) ,  p .2 9 9 ,  f o r  t h e  a c t u a l  f o r m u l a . )
(v) i s  t h e  mole f r a c t i o n  o f  p a i r s  no t  " a d j a c e n t "  t o  any im p u r i t y  
which a t t r a c t s  or  r e p e l s  them.
i s  t h e  e q u i l i b r i u m  c o n s t a n t  f o r  t h e  q u a s i - c h e m ic a l  r e a c t i o n  
f r e e  d i f f u s i n g  ion  + p a i r  ^  a s s o c i a t e .  (1 .21)
By a n a lo g y  w i th  L i d i a r d ’ s (1954) c a l c u l a t i o n s  f o r  vacancy  - c a t i o n  a s s o c i a t e s  
n e g l e c t i n g  lo n g - r a n g e  i n t e r a c t i o n s ,
Kb (T) = 4exp (Gb/kT) = 4exp ( -Sb /k )  exp G y k T )  (1 .22)
where Gb i s  t h e  work done a t  c o n s t a n t  t e m p e r a t u r e  and p r e s s u r e  by a p a i r  i n  
moving from i n f i n i t y  t o  t h e  " a d j a c e n t "  p o s i t i o n .  For  a t t r a c t i v e  i n t e r a c t i o n s ,  
Gb i s  p o s i t i v e ,  f o r  r e p u l s i v e  i t  i s  n e g a t i v e .  Sb and 1^ a r e  t h e  e n t ro p y  and 
e n t h a l p y  o f  b i n d i n g  r e s p e c t i v e l y .
(v) i s  g iven  by ( 1 . 1 8 ) .
( I t  w i l l  be no te d  t h a t  p does n o t  r e d u c e  t o  (1 .19)  above when Gb =0. T h i s  i s  
b ecause  (1 .22)  e t c .  a r e  o n ly  c o r r e c t  t o  f i r s t  o r d e r  i n  ( v ) . See Howard 
and L i d i a r d  (1964) ,  p .1 9 3 ,  216. )
For r e p u l s i v e  i n t e r a c t i o n s ,  or  weak a t t r a c t i v e  ones a t  s u f f i c i e n t l y  
h igh  t e m p e r a t u r e s ,  (1 .20 )  r e d u c e s  t o
P = ^ ( v )  (1 .23)
and so p = 24exp((Sp r -Sb ) / k )  exp ( - (Hp r -Hb ) /k T )  (1 .24)
(2) The p r o b a b i l i t y  t h a t  t h e  c a t i o n  w i l l  jump i n t o  t h e  c a t i o n  vacancy  
" a d j a c e n t "  t o  i t .  Th i s  w i l l  be g iv e n  by an e x p r e s s i o n  o f  t h e  same form as  
( 1 . 1 6 ) ,  under  t h e  same a p p r o x im a t i o n s .
w = v exp(S / k )  exp(-H / k T ) .  (1 .25)m in
P rov ided  t h e  c o n c e n t r a t i o n  o f  bound p a i r s  i s  n e g l i g i b l e ,  to i s  t h e  p ro d u c t  of  
(1 .25)  and (1 .24)  or  ( 1 . 1 9 ) .
31.3.5. The Vacancy Mechanism
This group of mechanisms is generally considered the most important 
in these substances. It is discussed in the next full section.
1.3.6. The Interstitialcy Mechanism
In this case the diffusion process is cyclic:
(1) The diffusing ion, on a lattice site, exchanges with an interstitial 
ion.
(2) The diffusing ion, now an interstitial, "pushes" an ion out of a lattice 
site, and takes its place.
In this case the defect both assists and takes part in the diffusion. 
Because it is charged, the general theory closely follows that for the vacancy 
mechanism, which is discussed at length later. The main difference is that 
there are in this case several kinds of exchange with different correlation 
factors and jump frequencies, even for solvent isotope diffusion in a pure 
crystal. (See Shewmon’s (1963) discussion of diffusion in silver halides*)
This mechanism will be favoured over the vacancy mechanism by a high 
concentration of Frenkel defects (interstitial + vacancy). Lidiard (1957) 
p.265 discusses the conditions for this.
The last four mechanisms are the main ones in line defect-free regions 
of the crystal. • They are actually extreme cases; when strongly-relaxed 
vacancies are involved, it may be difficult to classify the mechanism, (see 
Shewmon (1963), p.46).
1.3.7. Short-Circuit Path Diffusion
In dislocations, grain-boundaries etc. the order of the lattice is 
partially destroyed. The equations given elsewhere will not necessarily 
apply, even if the same defects take part in the diffusion. For ionic 
crystals, two models have been suggested for diffusion near dislocations 
when it does differ from that in the rest of the crystal. (Gibbs (1969) 
believes they act simultaneously.)
(1) The dislocation acts as a "pipe" of high diffusivity, a few atomic 
distances wide (Turnbull and Hoffman (1954)). Detailed mechanisms and 
appropriate equations have been suggested by Love (1964).
(2) Dislocations in ionic solids have a net charge if the energies to form 
cation and anion vacancies differ; this charge will be compensated by vacancies 
of opposite effective charge forming a Debye cloud around the dislocation
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(Eshelby et al. (1958)). These vacancies may enhance diffusion. Low-angle 
grain-boundaries behave similarly (Turnbull and Hoffman (1954)). Usually 
ions will diffuse partially by dislocation mechanisms, and partially by others. 
However, they often do not make sufficient jumps of the two types for D to 
be given by (1.14). Various models for the concentration profile, which 
apply to any region of high diffusivity embedded in a low diffusivity matrix, 
have been suggested (see Adda and Philibert, (1966), Vol. 2, Chapter XII, 
Section 2).
Summary: Formulae for various likely mechanisms of diffusion were discussed.
1.4. THE VACANCY MECHANISM
A cation can jump into an isolated cation vacancy in the same way as 
into the vacancy of a pair, but the formula for D in the former case is much 
more complicated. This is because a vacancy, unlike the pair, involves only 
one of the ionic species, i.e. it is ''unbalanced". Two complications arise 
from this "unbalance".
(1) The vacancy will usually have an effective charge, so that aliovalent 
ions can be strongly bound to it by Coulomb attraction. Such ions can also 
have a reasonable solubility, and so form large numbers of bound vacancies, 
whereas other ions, as was discussed under the vacancy-pair mechanism, cannot 
do so. Thus cations, in contrast to the situation for the pair mechanism, 
are split into two classes, the main terms in the formula for D in terms of 
free and bound vacancy concentrations being different for each class.
(2) The vacancy concentrations themselves depend on factors other than the 
thermodynamic equilibrium in the pure crystal.
The complications will be considered in turn. To simplify matters, 
it is assumed that:
(i) The "background" aliovalent impurities in the crystals, those 
present before diffusion begins, are uniformly distributed over the diffusion 
zone so that the crystal is initially homogeneous.
(ii) A vacancy has at most one bound aliovalent ion as a next nearest 
neighbour. This is not true as precipitation is approached (Symmons et al. 
(1965)), and may not hold rigorously for ions with only half the effective 
charge of the vacancy.
1.4,1. Formulae for the Diffusion Co-efficient
In general, a diffusing ion encounters two sorts of vacancies; those
for which the other ions around the vacancies are all solvent ions, and those
II
for which some are impurity ions. The cation jump frequency will be different 
for each kind of vacancy, so that the diffusion will be the sum of several 
contributions from:
(1) Unbound vacancies.
(2) Next-nearest neighbour complexes which remain intact during the diffusion 
jump. (There may be several sorts of these; the dissociation and association 
jumps can be neglected usually.)
Then, using (1.14),
D (l/12)a2
rWfK, xb c
1+K, X b c
+ 1
3
w.f.K. X.3 3 .ic j c
1+K. X.
3 c 3C J
(1.26)
Here w is the jump frequency for free vacancy-assisted migration to a particular 
site.
is the free vacancy-diffusing ion binding constant analogous to 
that in (1.20).
f is the correlation factor for jumps into free vacancies. (See Lidiard 
(1955) for a general expression for it; for impurity ions it is temperature- 
dependent .)
X is the mole fraction of unassociated cation vacancies, c
X_.c is the mole fraction of vacancies bound to aliovalent impurity ions 
of type j (each type of ion, excepting the diffusant, is assigned a suffix).
w_., f , K_.c are the quantities for vacancies bound to impurity ions of 
type j that correspond to w, f, for free vacancies. (Since the complex 
is assumed to remain intact, ^jc = 4exp(G^c/kT) under the assumptions of 
Lidiard (1955); f. has been calculated for a special case by Compaan and 
Haven (1956).)
As for the vacancy-pair mechanism, l + K^Xc, l + K ^ X ^ c are approximately 
1 except for strongly-bound diffusing ions or very low temperatures. In most 
practical situations, there will only be one or two kinds of strongly-bound 
impurity, and the sum over j can be replaced by a single term, involving 
and X^, say.
The resulting expression can be simplified further, for use in studying 
how the diffusion co-efficient varies in a general way with temperature under 
various circumstances. Since and K,  ^ would probably be much the same if 
both were important, the most natural simplification is (taking some sort of 
average K^, etc.):
12
a* 12 w f K, (X + MX, ) ________ b v c_____ kc
12(l + Kb (Xc + MXk))
(1.27)
The important extreme cases are:
(1) M = 1. Lidiard (1957) thought this was likely for solvent ions in NaCl; 
it will also probably apply to weakly bound divalent cations in CaO, for the 
same reason.
(2) M is large.
(3) M = 0. This will apply to strongly-bound aliovalent ions, since in 
diffusing, they will rarely encounter vacancies with weakly-bound ions 
associated with them (whereas weakly-bound ions may encounter, at low temperatures 
only vacancies that are associated with strongly-bound ions). The correlation 
factor f was calculated, in general, and in useful special cases, by Lidiard 
(1955). Non-tracer diffusion is very important in this case (see Lidiard
(1955, 1957) and Friauf (1969)).
1.4.2. The Dependence of the Vacancy Concentration on Various Factors-
Governing Equations.
Apart from impurities, the cation vacancy concentration is in general 
influenced by all the defect-equilibria in the crystal. These fall into two 
classes:
(1) Thermodynamic equilibria involving internal defects only. In alkali 
halides the most important are those between (a) unbound cation and anion 
vacancies (Schottky defects) and (b) unbound vacancies and interstitials of 
the same effective charge (Frenkel defects). The relations between the 
equilibrium concentrations of the defects involved in these two cases are 
derived by Lidiard (1957) p.259-60. In CaO, however, equilibria between 
species which are similar to these defects, but involve electrons or holes, 
may be more important.
(2) Reactions of crystal species with the atmosphere. The mass action 
equilibrium relations for possible reactions with oxygen and water vapour 
are given by Shewmon (1963) p.158 and Petersen et al. (1966) respectively.
All of these relations can be expressed as "solubility-products" 
of two internal defects, with an equilibrium constant of the form
Ke = Keoexp (se/k)exP(-He/kT) (1.28)
where and He are the entropy and enthalpy of defect formation or reaction.
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The two classes of equilibria differ in the form of Ke:
(1) K for class (1) will only depend on the atmosphere if the defects 
involved are bound to species with atmosphere-dependent concentrations.
(2) Se will usually be negative for class (2) (Moore (1952)) but usually 
positive for class (1). (Lidiard (1957) p.263; he gives expressions for
for Schottky and Frenkel defects.)
To compare the importance of different solubility products, it is 
necessary in general to allow for their different forms by comparing 
appropriate powers or roots of (multiplied by concentrations, if necessary).
At a particular temperature, solubility products usually differ greatly- in 
importance, because small differences in He lead to large differences in 
exp(-He/kT). Taking this into account, the cation vacancy concentration 
will in general depend on three solubility products.
(1) The solubility product with the largest function of K (K ).e a
(2) The solubility product involving cation vacancies not bound to impurities 
with the largest appropriate function of ^e(^s).
(3) The solubility product involving unbound cation vacancies and one of 
the species in (1). (K^).
The situation can become very complicated if the relative magnitudes 
of the product constants alter with temperature; this will be assumed not 
to occur.
If (1) involves a cation vacancy concentration, only one solubility 
product is required. (Take Ke=Ks in this case.) This situation is the 
simplest and most common (e.g., it is found in the alkali halides), so that 
it will be analysed in detail. Only the formulae, not the general trend, will 
differ in the more complicated case, and they are inserted occasionally.
Because it is common (e.g. it will apply to Schottky and Frenkel defects 
in CaO) and simple, the form of the solubility-product assumed (in the general 
case for all three of the solubility-products) is:
X X  = K (1.29)c a s
where X£ is the concentration, expressed as a mole fraction, of cation vacancies 
of the appropriate charge-type not bound to impurity ions.
X is the concentration of the complementary defect not bound to impurity
cl
ions.
Again, the general trends should not depend on the form used.
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The e q u a t i o n s  e x p r e s s i n g  t h e  dependence  o f  t h e  c a t i o n  vacancy  con­
c e n t r a t i o n  on i m p u r i t y - f a c t o r s  f o l l o w .
(1) The t o t a l  e f f e c t i v e  cha rge  ( i . e . ,  t h e  d i f f e r e n c e  between t h e  cha rge  
o f  a s p e c i e s  and t h a t  o f  t h e  h o s t  io n  i t  r e p l a c e s )  o f  t h e  d i s s o l v e d  im p u r i ty  
io ns  and r e l e v a n t  d e f e c t s  must v a n i s h .
(2) A l i o v a l e n t  i m p u r i t y  io n s  can be bound t o  charged  c r y s t a l - d e f e c t s .
xi d / c i  = Ki d V f 1+Ki d V  w - 30)
where X ^  i s  th e  mole f r a c t i o n  o f  i m p u r i t y  i - d e f e c t  d complexes ,
CL i s  t h e  t o t a l  mole f r a c t i o n  o f  d i s s o l v e d  i m p u r i t y  o f  ty p e  i ,
K.^ i s  d e f i n e d  a n a l o g o u s l y  t o  above ( e . g .  ( 1 . 2 0 ) ) .
For b in d in g  t o  c a t i o n  v a c a n c i e s  i n  a l k a l i  h a l i d e s ,  i s  o f t e n  p o s i t i v e
(Barr  and L i d i a r d  (1970 ) ) .
X^ i s  t h e  mole f r a c t i o n  o f  d e f e c t  n o t  bound t o  i m p u r i t i e s .
Th is  e q u a t i o n  o n ly  h o ld s  w i th  t h e  same a p p ro x im a t io n s  as  t h o s e  e a r l i e r .
(3) An e x t r a  e q u a t io n  i s  r e q u i r e d  t o  g iv e  CL when t h e  c o n c e n t r a t i o n  o f  
u n a s s o c i a t e d  i m p u r i t y  i  exceeds  i t s  s o l u b i l i t y .  For  i m p u r i t y  w i th  e f f e c t i v e  
cha rge  equa l  t o  t h a t  o f  t h e  a p p r o p r i a t e  f r e e  d e f e c t ,  i t  has  been  t a k e n  as  
( c f .  L i d i a r d  (1957) p . 2 9 4 ) :
W  V  = Ks o l ( i )  = exP C+Ss o l  ( i ) /10 exP ( ' Hs o l  ( i ) /kT) f 1 - 3«
where i s  t h e  e n t h a l p y  o f  s o l u t i o n  e t c .
E q u a t io n s  (1 .30)  and (1 .31 )  a r e  g iv e n  i n  s i m p l i f i e d  forms ,  which a r e  
r e a s o n a b l e  i n  p r a c t i c e .
1 . 4 . 3 .  The Dependence o f  t h e  Vacancy C o n c e n t r a t i o n  on V ar ious  F a c t o r s  - R e s u l t s .
To compare e x p e r i m e n t a l  r e s u l t s  w i th  t h e  t h e o r e t i c a l  c o n c l u s i o n s  o f  
d i f f u s i o n  t h e o r y ,  i t  i s  c o n v e n i e n t  t o  p l o t  t h e  lo g a r i t h m  o f  t h e  q u a n t i t y  o f  
i n t e r e s t  as  o r d i n a t e  a g a i n s t  t h e  r e c i p r o c a l  o f  t h e  a b s o l u t e  t e m p e r a t u r e  (1/T) 
a s  a b s c i s s a .  Th is  i s  c a l l e d  an  A r rh e n iu s  p l o t .  Regarded a s  a smooth c u rv e ,  
t h e  A r rh e n iu s  p l o t  may be c h a r a c t e r i z e d  a t  any 1/T v a l u e  by t h e  a c t i v a t i o n  
energy  Q, which i s  t h e  s lo p e  o f  t h e  cu rve  a t  t h a t  1/T v a l u e  m u l t i p l i e d  by 
-k ,  and by t h e  p r e - e x p o n e n t i a l  f a c t o r ,  which i s  t h e  i n t e r c e p t  on t h e  a x i s  o f  
o r d i n a t e s  o f  t h e  t a n g e n t  t o  t h e  cu rve  a t  t h a t  1/T v a l u e .
The logXc v s .  1/T p l o t s  o b t a in e d  by s o l v i n g  t h e  e q u a t i o n s  o f  I I . 4 . 2 .  
may be d i v i d e d  i n t o  a number o f  a p p r o x im a te ly  s t r a i g h t - l i n e  r e g i o n s
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(Fig.  1 ) ,  i . e . ,  a number o f  r e g i o n s  o f  a p p r o x im a te ly  c o n s t a n t  Q and p r e ­
e x p o n e n t i a l  f a c t o r .  One can show t h a t  i n  each r e g i o n  d i f f u s i o n  i s  c o n t r o l l e d  
by a s imple  com bina t ion  o f  some o f  t h e  p o s s i b l e  d i f f u s i o n - c o n t r o l l i n g  f a c t o r s ;  
Q and t h e  p r e - e x p o n e n t i a l  f a c t o r  f o r  t h e  r e g i o n  can be e x p re s s e d  i n  te rms of  
t h e  c h a r a c t e r i s t i c  p a r a m e te r s  o f  t h e s e  dominant  f a c t o r s .  (Small  te rms  
a r i s i n g  from t h e  o t h e r  p o s s i b l e  f a c t o r s  can be i g n o r e d . )
A p l o t  u s u a l l y  c o n s i s t s  o f  a t  most f o u r  k in d s  o f  r e g i o n  (Dreyfus and 
Nowick (1962 ) ) :
( I )  The i n t r i n s i c  r e g i o n ,  where t h e  vacancy  c o n c e n t r a t i o n s  do no t  depend 
s i g n i f i c a n t l y  on t h e  a l i o v a l e n t  i m p u r i t y  c o n t e n t .
In t h e  o t h e r  r e g i o n s ,  ( I I ,  I I I ,  IV r e s p e c t i v e l y ) ,  t h e  vacancy  concen­
t r a t i o n s  a r e  e n t i r e l y  governed  by a l i o v a l e n t  i m p u r i t i e s :
( I I )  The e x t r i n s i c  r e g i o n ,  where t h e r e  i s  l i t t l e  vacancy  - i m p u r i t y  b i n d i n g .
( I I I )  The a s s o c i a t i o n  r e g i o n ,  where t h e  v a c a n c i e s  a r e  u s u a l l y  bound t o  t h e  
a l i o v a l e n t  i m p u r i t y  i o n s .
(IV) The p r e c i p i t a t i o n  r e g i o n ,  where some o f  t h e  a l i o v a l e n t  im p u r i t y  has  
p r e c i p i t a t e d  o u t .
G e n e r a l l y  t h e  r e g i o n s  w i l l  t r a n s f o r m  g r a d u a l l y  i n t o  one a n o t h e r  as  t h e  
t e m p e r a t u r e  ch an g e s ,  b u t  t h e r e  w i l l  o f t e n  be a s h a rp  b reak  between I I  or  
I I I  and IV.
T a b le  I g iv e s  t h e  app ro x im a te  a c t i v a t i o n  ene rgy ,  p r e - e x p o n e n t i a l  f a c t o r  
and t e m p e r a t u r e  r an g e  i n  t e rm s  o f  e q u i l i b r i u m  c o n s t a n t s  f o r  t h e  v a r io u s  
r e g i o n s  when t h e  c r y s t a l  c o n t a i n s  a s i n g l e  k ind  o f  a l i o v a l e n t  i m p u r i t y  io n ,  
w i t h :
(1) A p o s i t i v e  e f f e c t i v e  c h a r g e ,  equa l  i n  magnitude  t o  t h a t  o f  a vacancy.
(2) A f r a c t i o n a l  molar  c o n c e n t r a t i o n  C^.
The number and c h a r a c t e r i s t i c s  o f  t h e  r e g i o n s  depend on:
(1) The s t r e n g t h  o f  t h e  im p u r i t y - v a c a n c y  b i n d i n g .  (This  i s  g iv e n  in  the  
r i g h t - h a n d  column.)
(2) Whether some o f  t h e  i m p u r i t y  has  p r e c i p i t a t e d  o r  n o t .  (P rov ided  i s  
i m p u r i t y  c o n t r o l l e d ,  t h e r e  w i l l  be some i m p u r i t y  p r e c i p i t a t e d  when C. exceeds
Ks o l ( i ) ^ Ki d Ks o l ( i ) + 1 ) ^
T ab le  I I  g iv e s  t h e  same q u a n t i t i e s  when t h e  i m p u r i t y  has  h a l f  t h i s  
e f f e c t i v e  ch a rg e .
Fig. 1 A t ypical log x vs. I / 1  plot
K = IOOexp.(-H / k T )  
Kjd= exp.(Hs / 4 k T )
-  4
c,= 10
l / T  (in units of k / H s )
The impurity (i) present has an e f fec t ive  
charge equal to that of an anion vacancy
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The regions for an aliovalent impurity ion with a negative effective 
charge will have similar temperature ranges. Xc in such a case is always 
given by Kg divided by for an aliovalent impurity with a positive effective 
charge of equal magnitude and with the same (to a different defect).
Usually there will be several kinds of aliovalent impurity present. The 
effects are not additive (C.ondit and Hashimoto (1967)), but the plot will be 
similar in general form to that found when the crystal contains only one kind 
of aliovalent impurity with a total effective charge equal to the net effective 
charge of the impurities present. etc. deduced from the plot will be some
sort of average of those of the various impurities present.
Apart from X (M=0 in (1.27)), the dependence of X +X, , corresponding 
to M=1 in (1.27), on the various factors is the most interesting. (This is 
because if Ni, Sr and Ca diffuse by a vacancy mechanism in CaO, they will be 
weakly bound to vacancies; provided that the theory of this section can 
be applied to CaO, M in (1.27) will be approximately one for these diffusants.) 
In this case region III disappears altogether so that the parameters for 
diffusion controlled by a non-precipitating impurity are always equal to the 
region II parameters. The behaviour when the impurity is precipitating 
depends on the effective charge of the dominant impurity:
(1) In the Table I case, X^ is small, and the results will be similar to 
those for X .
(2) If the charge corresponds to the Table II case, X^ 
at sufficiently low temperatures; Q will then be HS02 
exponential factor will be exp ((S^+Sg^ ^  ) /k) .
will become dominant 
-H. and the pre-
1.4.4. The Temperature-Dependence of the Diffusion Co-efficient.
(1) The simplest and most common formulae will hold when K^(Xc+MX^) (see 
(1.27)) is much less than 1. This condition is always satisfied by self­
diffusion and the diffusion of impurities that repel cation vacancies, and 
usually satisfied by the diffusion of ions that weakly attract vacancies 
(i.e. k^<Ks /2 and or K/^ C_^  2 according as the effective charge of the
background impurity ion is half of, or equal in magnitude to, that of a vacancy).
The parameters of the log D vs. 1/T plot are:
(a) The activation energy at any temperature is the sum of the activation 
energy of the appropriate vacancy concentration (given approximately in the 
last part) and H^-H^-kBlnf/3 (1/T) where H^, are the enthalpies from w, 
respectively.
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(b) The p r e - e x p o n e n t i a l  f a c t o r  i s  t h e  p ro d u c t  o f  t h e  p r e - e x p o n e n t i a l
— 2 — —
f a c t o r  o f  t h e  a p p r o p r i a t e  vacancy  c o n c e n t r a t i o n  and v a " e x p ( (S - S ^ ) / k )  x 
e x p ( I n 3 f + k 3 1 n f / 9 ( 1 /T ) )  where S , a r e  t h e  e n t r o p i e s  from w,K^ r e s p e c t i v e l y .
(2) For o t h e r  i o n s ,  t h e r e  a r e  c i r c u m s ta n c e s  i n  which K^(X +MX^) can approach  
1. For CaO, t h i s  c l a s s  i s  r e s t r i c t e d  t o  io n s  o f  p o s i t i v e  e f f e c t i v e  charge  
( t r i v a l e n t  and q u a d r i v a l e n t  i o n s )  w i th  a v e r y  h ig h  b in d i n g  energy ;  a t  
t e m p e r a t u r e s  where K^Xc i s  g r e a t e r  t h a n  1, a s p e c i a l  background im p u r i t y -  
independent .  r e g i o n  w i l l  occur  w i th  an a c t i v a t i o n  energy  o f  H -k 3 1 n f / 9(1/T) and 
a p r e - e x p o n e n t i a l  f a c t o r  o f  ( i / 1 2 ) \ a " e x p ( S  /k )  e x p ( l n f + k 9 1 n f / 3 ( 1 / T ) # O therw ise  
t h e  r e s u l t s  w i l l  be t h e  same as  f o r  (1) above.
These fo rm u la e ,  t o g e t h e r  w i th  t h o s e  f o r  t h e  vacancy  c o n c e n t r a t i o n  
g iv e n  above ,  p e r m i t  i n t e r p r e t a t i o n  o f  t h e  d i f f u s i o n  c o - e f f i c i e n t s  found f o r  
t h e  vacancy  mechanism in  te rm s  o f  t h e  v a r i o u s  a tomic  p a r a m e t e r s .
Summary
The vacancy  mechanism i s  d i f f e r e n t  from many o t h e r s ,  beca u se  o f  t h e  
p o s s i b i l i t y  o f  i m p u r i t y  e f f e c t s  on t h e  vacancy  c o n c e n t r a t i o n s .  The formula  
f o r  t h e  d i f f u s i o n  c o - e f f i c i e n t  i n  te rm s  o f  t h e s e  c o n c e n t r a t i o n s  was s t a t e d .
The e q u a t io n s  g i v i n g  t h e  c o n c e n t r a t i o n s  i n  te rm s  o f  a tomic  p a r a m e te r s  and 
t h e  t e m p e r a t u r e  were d i s c u s s e d .  Approximate e x p r e s s i o n s  f o r  t h e  c o n c e n t r a t i o n  
i n  te rm s  o f  a tomic  p a r a m e te r s  i n  v a r i o u s  t e m p e r a t u r e  r a n g e s  were g iven  in  
T a b le s  I ,  I I  and su b se q u en t  d i s c u s s i o n .  F i n a l l y ,  u s in g  t h e  e a r l i e r  fo rmulae  
f o r  D, t h e  t e m p e r a t u r e - d e p e n d e n c e  o f  D f o r  t h e  two main t y p e s  o f  io n s  was 
f  ound.
1 .5 .  SURVEY OF WORK IN OTHER COMPOUNDS
The mechanism and d i f f u s i o n  p a r a m e te r s  hav ing  been o b t a i n e d ,  t h e y  
shou ld  be compared w i th  t h o s e  o b t a in e d  f o r  o t h e r  h o s t  c r y s t a l s  and d i f f u s i n g  
s u b s t a n c e s ,  and w i th  t h e o r e t i c a l  p r e d i c t i o n s .  T h i s  s e c t i o n  g iv e s  t h e  i n fo rm a ­
t i o n  f o r  making v a r i o u s  com par isons  be tween t h e  r e s u l t s  o b t a in e d  h e r e  and 
e a r l i e r  work wi th  h o s t  c r y s t a l s  o t h e r  t h a n  CaO. The v a r i o u s  p o i n t s  a r e  d i s ­
cussed  i n  s e p a r a t e  s e c t i o n s ;  t h e  vacancy  mechanism i s  u s u a l l y  assumed,  
beca u se  i t  seems t o  h o ld  f o r  most ions  i n  s u b s t a n c e s  s i m i l a r  t o  CaO.
1 . 5 . 1 .  The E f f e c t  o f  Atmosphere on D i f f u s i o n  in  Oxides
Oxides s i m i l a r  t o  CaO, where a vacancy  mechanism seems t o  a p p l y ,  f a l l  
i n t o  two c l a s s e s ,  depending  on t h e  n o n - i m p u r i t y  f a c t o r s  govern ing  d i f f u s i o n .
(1) In MgO ( M i to f f  ( 1 9 5 9 ) ) ,  BeO (C l in e  and Newkirk (1968 ) ) ,  and p ro b a b ly  
Al^O^ (by comparing t h e  v a r i o u s  c o n d u c t i v i t y  r e s u l t s  w i th  t h o s e  f o r  MgO), t h e
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equilibria controlling the vacancy concentration in the absence of impurities 
are independent of the composition of the atmosphere. Thus at high tempera­
tures both the activation energy and pre-exponential factor of the diffusion 
co-efficient are high, and independent of atmosphere.
(2) In NiO (O’Keefe et al. (1961) and Volpe (1968), among others), as well 
as FeO and CoO, the vacancy concentrations are controlled by reactions with 
the atmosphere. Indeed, in these cases, the vacancy concentration from this 
equilibrium is so high that impurity effects can usually be ignored. The 
dominance of the atmosphere-reaction can be explained theoretically by 
making calculations of the appropriate energies using the method of Mott and 
Littleton (1938) (Dickens et al. (1968)). The calculations show that the 
dominance of the atmosphere reactions is caused mainly by the relatively 
low value of the third ionization potential in these cases. Note that, apart 
from this, diffusion properties are similar to those of (1).
At present the class to which CaO belongs is uncertain (see 1.6.3).
The class of an oxide is important; this is partially, anyway, a property 
of the cation as such, so that the class to which an oxide belongs will be a 
guide to the class of more complicated compounds of the same cation (e.g. 
silicates).
1.5.2. The Effect of Ionic Size on Diffusion in Halides and Oxides
The study of the effect on a diffusion parameter of changing some 
crystal or diffusant property, keeping others constant, can also be useful.
Such comparisons can
(a) predict unknown parameters for other crystals or diffusing substances,
(b) allow further comparisons between groups of compounds,
(c) suggest or confirm theoretical explanations.
The effects of ion size on D,Q and the pre-exponential factor have 
been studied most extensively in alkali halides, so that these can provide  ^
a basis of comparison for the ionic oxides. However, the effects in the latter 
may also illuminate the situation in the halides; in spite of the work done, 
the theoretical explanation for the observed size effects on enthalpies in 
alkali halides is not clear (see Murin et al. (1957)). The activation energy 
size effects in alkali halides will be discussed first, then possible ex­
planations will be considered and comparisons made with the oxides; next 
pre-exponential factor size effects will be taken up.
(1) The migration enthalpy of the host cation (or anion) should depend 
on some function of the radii of the cation and anion of the halide. A good
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correlation, i.e. one in which the experimental points all lie close to the 
curve of best fit, is obtained by plotting the cation migration enthalpy 
of any NaCl structure alkali halide against r /r , r and r being the radii 
of the cation and anion respectively. (The data were taken from Barr and 
Lidiard (1970) and Lehfeldt (1933).) The rather sparse theoretical calcula­
tions made by Tosi and Doyama (1966) and Rao and Rao (1968) agree with experi­
ment as far as trends with r /r are concerned.+ -
(2) In a given halide, the activation energy in region I for the diffusion 
of a monovalent impurity should depend on its ionic radius. (The migration 
enthalpy data is too sparse to be used.) Accurate experiments have been 
done for cations in NaCl (Beniere et al. (1959)), isolated cations in KC1 and 
RbCl (Arai and Mullen (1966) and Petersen et al. (1969)), and anions in AgCl 
(Batra et al. (1969); these also diffuse by a vacancy mechanism). Less 
convincing experiments were done for cations in NaCl and KC1 (Chemla (1959)), 
anions in NaCl and KC1 (Beaumont et al. (1961)), Na in CsCl (Klotsman et al. 
(1969)), and Li in KC1 (Hanson (1968)).
The expectation mentioned was not fulfilled. Wherever diffusion 
occurred by a vacancy-type mechanism, the activation energy was characteristic 
of the halide, changing only slightly with impurity ion radius, except, some­
times, for small ions such as Li+. It is not certain whether this applies to
*4* *4*non-alkali metal ions; it seems to be true for Ag , but not for Cu . The 
theoretical calculations of Tosi and Doyama (1966), and the approximate work 
of Mullen (1966) reinforce the intuitive idea that there ought to be a 
pronounced size effect.
Diffusing Experimental Region Theoretical Reference for
Species I Activation Energy (Hs/2)+Hm (eV) 
(Tosi et al.)
Experimental Q
Na+ in NaCl 1.975±.003 1.82 Beniere et al. (1969)
Rb+ in NaCl 1.977±.003 2.32 M
Na+ in RbCl 2.06 ±.02 1.27 Petersen et al. (1969)
Rb+ in RbCl 1.99 ±.02 2.07 Arai and Mullen (1966)
Note that the theoretical calculations agree quite well with the self­
diffusion results, but not with those for impurity diffusion.
Divalent ions in NaCl and KC1 show a different effect, but still not 
the expected one. The migration enthalpy increases with ion size until the 
size of the host cation is reached, then becomes constant. The chemical 
nature of the ion (i.e. its polarizability-radius relation) makes little 
difference. (For data, see Barr and Lidiard (1970) and De Souza (1969).)
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How can the discrepancy be explained?
(1) As far as monovalent ions are concerned, the activation energy in 
Region I is not (Hs/2)+H , but (Hs/2)+Hm-Hb-k31nf/3(1/T); Hb and 
k31nf/3(l/T) will usually only vanish for host ion diffusion (see 1.3.4., 1.4.1). 
The theoretical expression for 31nf/3(l/T) (Le Claire (1962)) shows that:
(a) If (impurity) H^fhost ion self diffusion)
H^(host ion self diffusion)
then 31nf/3(l/T) (impurity)
(b) If H (impurity)
then 31nf/3(l/T) (impurity) > 0
Hu will behave in the same way if H increases with ionic size, b 7 m
Thus the difference between the activation energies of the impurity
and host ions will be less than the difference between their H (and, con-m
sequently, (Hs/2)+Hm) values. This effect will therefore "damp down" any 
size effect in H , and explains why the theoretical calculations of ((Hg/2)+H ) 
disagreed with the activation energies found for impurity ions.
If this effect be allowed for, will the discrepancy between theoretical 
(and intuitive) and experimental size effects for H disappear? Theoretical 
calculations of 31nf/3(l/T) will not decide this; the equations are such 
that total activation energy depends little on H^. Some experimental evidence 
is available.
(a) 31nf/3(l/T) has been measured for Na+ diffusing in RbCl by Petersen et
al. (1969), and can be deduced for K+ in RbCl using Lidiard’s theory (1960) 
from the results of Arai and Mullen (1966). was calculated approximately 
in these cases by Tosi and Doyama (1966). The deduced values of decrease 
with decreasing ionic size, but still much less than theory predicts.
(b) For divalent cations, the migration enthalpy can be measured directly
and it is found that H for large ions still shows no size effect. Thism
cannot be caused by the charge effect overpowering the size effect, because
H for small ions shows a marked size effect. Therefore the size effect m
seems to be smaller than would be expected from calculations for monovalent 
ions and from intuition.
Thus other explanations must be considered to supplement this one.
(2) For small ions, another explanation is certainly necessary.
The equilibrium position for monovalent cations much smaller than the host 
is off the lattice site (Dienes (1969)). The theoretical calculations 
mentioned above were made assuming that the cation was originally on the
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lattice site, and so will give an H which is too small, i.e. they will 
exaggerate the size effect.
(3) Murin et al. (1957) suggested a different diffusion mechanism, "loosen­
ing of the lattice".
(4) The Born model may be incorrect.
These two suggestions cannot explain why the observed self-diffusion 
size effect is reproduced by theory.
(5) Batra et al.'s (1969) explanation would only apply to silver halides, 
and so is doubtful.
(6) Beniere et al. (1969) suggested that if the displacements of ions far 
from the diffusing ion were calculated exactly, instead of approximately as 
in the Mott-Littleton treatment, they would somehow cancel out the calculated 
size effect. Even allowing for explanation (1), complete cancellations would 
be less likely (a) for an impurity ion of different chemical type from the 
host (b) in a compound where the forces were quite different, such as CaO.
(7) The relative importance of different mechanisms of diffusion may 
change slightly with ionic size:
(a) Ions of certain sizes may tend to migrate to the vacancy via an 
interstitial position, rather than taking the shortest path (Tosi and 
Doyama (1966)).
(b) Larger ions may migrate relatively more by means of vacancy pairs.
Summarizing, (1) will always play an important part, (2) will be 
important for small ions, and (6) and (7) (or both) will supplement (1).
(30 A size effect more marked than (1_) occurs for the activation energy 
of anion self-diffusion in grain-boundaries and diclocations. (Laurent and 
Benard (1957), Cabane (1962).) In the more open structure of such defects, 
the delicate balance between the forces involved, all depending differently 
on size, does not occur. Repulsive forces, determined directly by ionic 
radius, are the important ones.
The ionic oxides studied show similarities and differences. The 
size effects are considered under the same classes as those for alkali ha]ides. 
About the first class there is little information.
(25) Measurements of lattice diffusion have been made for many divalent 
impurities in MgO (Mortlock (1967)) and for trivalent lanthanide and actinide 
impurities in Al^O^. (Fiedler (1966) and Bobleter (1965).) There were 
marked size effects in activation energy in both cases; in MgO H can be
26
correlated with the square of the cation radius, which is reasonable if 
diffusion is controlled by Msize" forces (Mortlock (1967)), while in 
Al^O^, the activation energy decreases very rapidly as the cation size 
increases (see fig. 2 for MgO and A1?0^ results).
The factors controlling the size effects in MgO and A^O^ are thus 
different from those operating in NaCl, KC1 and RbCl. Does the difference 
arise from a difference in size between the halides and oxides or from the 
smallness of the cations in these oxides? As will be seen in 1.7., work in 
CaO can help to answer this.
(_3) A size effect, probably due to grain-boundary diffusion, was observed 
for actinide diffusion in UO^ (Lindner et al. 1965)).
The pre-exponential factor size effect has also been studied for the 
second class, i.e. for series of ions diffusing in the lattice of some host. 
In NaCl and KC1, since the activation energy in Region I is roughly the same 
for most monovalent ions, the pre-exponential factors for the different ions 
will follow the same trends with size as the magnitude of their diffusion 
co-efficients. There is definitely a strong chemical effect in this case. 
Confining attention to the series of alkali metal ions, the pre-exponential 
factor decreases with ionic radius until a radius somewhat greater than the 
host cation radius is reached; then it tends to increase again. (Fig. 3 
shows the relative magnitude of D at a fixed temperature for different ions 
diffusing in NaCl and KC1, taken from the references above.) This seems to 
be the result of a balance among several size-dependent factors, such as:
(i) As the ion mass increases, other things being equal, v will decrease 
roughly as the reciprocal of the square root of the mass (see Le Claire 
(1966)). v is itself a factor in the pre-exponential part of D (see 1.4.4.) 
and also appears in the denominator of f, so that, on balance, a rather • 
small decrease in the pre-exponential factor with increasing ionic size 
should result.
(ii) As its size increases, the ion becomes more strongly coupled to the 
lattice, and v increases; this will have the opposite effect to (i).
(iii) The entropy of motion (this is an approximate concept; see 1.3.3.) 
depends on the volume of motion (i.e. the change in the volume of the crystal 
as the ion goes from its equilibrium position to the saddle point; Lawson 
(1957)). As the ion radius increases, both will rise, increasing the pre­
exponential factor.
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(iv) As the ion becomes more strongly coupled to the lattice, the many-body 
term in the correlation factor decreases (see Le Claire (1966)). This term 
is usually supposed to be temperature-independent, so that this will lead to 
a decrease in the pre-exponential factor.
The results for MgO and Al^O^ are quite different from the halide results. 
For MgO, (4) seems to be dominant; the results in Al^O^ are difficult to 
explain. Again, CaO results could clear up the puzzle.
1.5.3. The Charge Effect in Halides and Oxides
It has been shown in alkali halides that is significant for
divalent ions, and that their H is about 0.2eV higher than the H for mono-m 0 m
valent ions of similar size (Barr and Lidiard (1970)). Both of these effects 
are expected (see Lidiard (1957), p.337).
There is little work in oxides; usually the charge and size effects 
have not been separated. (See De Bruin et al. (1968) for Li in BeO, Blank 
and Pask (1969) and Greskovich and Stubican (1969) for various chemical 
diffusion experiments with aliovalent ions in MgO and Glass (1967) for 
measurements of H^ for Cr^+ in MgO.) The results appear to be similar to 
those for halides.
1.5.4. Short-Circuit Path Diffusion in Halides and Oxides
A brief review of this subject is given by Gibbs and Harris (1969).
The main generalizations are:
(1) In a given lattice, the proportional enhancement of the diffusion 
of a substance by short-circuit paths increases as its lattice diffusion 
co-efficient decreases.
(2) In many cases the diffusion enhancement differs from that in metals
in that it occurs only when certain impurities are present. For example,
2+enhancement of Ni diffusion in MgO seems to be caused by segregation 
of cationic impurities to the boundary (Wuensch and Vasilos (1966)).
(3) For some diffusing substances (Ni^+ in MgO), but not for others 
(oxygen in MgO; Holt (1966)),the effective width of the boundary is of the 
order of microns rather than angstroms as in metals, and the proportional 
enchancement is also comparatively small.
Wuensch and Vasilos (1966) suggest that (3) and, perhaps, (2) are 
characteristic of diffusion enhancement by the Debye cloud of vacancies around 
the boundary (see 1.3.7).
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For comparison with CaO results, some short-circuit path diffusion 
co-efficients in MgO are given.
(1) For Ni^ at 1715°C. diffusing down grain boundaries, D^5/D^ is 140 ym 
and D!6 is 1.2xl(f 16cm3/sec (Wang (1965)).
(2) For Ba^+ at 1124°C. diffusing down dislocations, D^S/D^ is about 
lOOOym, D 16 is 7xl0~15cm3/sec (Harding (1967)).
In these results D"* is the short-circuit path diffusion co-efficient, 
is the lattice diffusion co-efficient, 6 is the effective width of the 
path.
1.5.5. Comparisons between Theoretical and Experimental Diffusion Parameters
In alkali halides, there is a good correlation between the melting point 
and Hg or H of the cation. The Born model, applied to the calculation of 
energies by the method of Mott and Littleton (1938) and to the calculation of 
entropies by Chandra (1966) usually gives agreement with self-diffusion 
results to 10-20%. (The breakdown of the simpler calculation procedures for 
the lithium halides can be explained.) Barr and Lidiard (1970) give a full 
discussion of these points; for the entropy calculations, see Chandra (1966).
The melting-point correlations do not extend to IIA oxides. For MgO, 
they predict Hs=6eV and (Mg^+)=2.5eV, whereas the experimental values are 
3.4eV and 1.7eV respectively (Lindner (1957) and Searle (1968)). Born model 
calculations have so far not been considered to be successful. These earlier 
calculations are discussed in Chapter IV in connection with the description 
of the Born model calculations made in the course of this study.
Summary
The background information from materials other than CaO required for 
later discussions is given in this section.
(1) The atmosphere effect. There are two classes of oxides, distinguished 
by the origin of their dominant non-impurity factors.
(2) Size effects.
(a) Activation energy. Two of those studied in alkali halides, the 
self-diffusion migration enthalpy dependence on r+/r and the grain-boundary 
self-diffusion size effect are reasonably explained by theory. The explanation 
of the third, the impurity lattice diffusion size effect, is uncertain and 
probably complex.
In MgO and Al^O^, the impurity lattice diffusion size effect is quite 
different from that in NaCl and KC1; there are two classes of explanations
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for this.
(b) Pre-exponential factor. The impurity lattice diffusion size effect 
in alkali halides can be explained by an interplay of several factors.
Again, the effects in MgO and Al^O^ are quite different.
(3) The charge effect. The main features are given.
(4) Short-circuit diffusion in alkali halides and ionic oxides. The main 
characteristics are listed, and values found in MgO given.
(5) The comparison of theoretical and experimental values of the parameters. 
For alkali halides there is reasonable agreement with the Born model, whereas 
for IIA oxides there is not.
1.6. PREVIOUS WORK ON DIFFUSION IN CALCIUM OXIDE
1.6.1. Lattice Self-Diffusion (Impurity Dominated)
In 1.6 previous work on diffusion in Calcium Oxide is summarized, 
with a discussion based entirely on the explanations of results advanced by 
previous authors.
Gupta and Weirick (1967) studied Ca2+ diffusion in single crystals 
in an argon atmosphere. The concentration profile consisted of two regions, 
with a lower apparent near-surface (0-20ym) diffusion co-efficient. They 
showed that this implied a mixture of lattice and short-circuit diffusion, 
and found that:
D(lattice) = 10_8exp(-1.22eV/kT)cm2/sec.in 1000-1400°C.
This result was obtained by assuming that /D t was much less thanLi
the average distance between short-circuit paths; a calculation of this 
distance using Suzuoka’s method (Adda and Philibert, p.690-1) showed that 
this was not usually true. Thus the diffusion co-efficient quoted lies 
between and the global diffusion co-efficient calculated from the Hart- 
Mortlock equation (Hart (1957); Mortlock (I960)). Estimates of these, and 
of their Q-values, show that Q quoted above is close to that for true lattice 
diffusion, while the pre-exponential factor quoted may be high by a factor of 
two.
They compared the activation energy with that measured for cation self­
diffusion in the other NaCl-structure oxides, concluding that Ca^+ diffuses 
in CaO by a vacancy mechanism. The discussion that follows (1.6.1 - 1.6.3) 
assumes that this is so.
The comparisons also suggested that the measured activation energy of 
1.22eV was the migration enthalpy of Ca2+; other arguments supporting this
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s u g g e s t i o n  a r e :
(1) De Keyser e t  a l .  (1969) deduced from a s tu d y  o f  th e  f i r s t  s t a g e  o f  
s i n t e r i n g  o f  CaO t h a t  H (Ca) i s  1.30eV.
(2) A c o r r e l a t i o n  be tween H and r  / r  f o r  FeO, CoO, NiO and MgO i s  s i m i l a rm + -
i n  shape t o  t h a t  f o r  t h e  a l k a l i  h a l i d e s ,  though t h e  p o i n t s  form e s s e n t i a l l y  
a s i n g l e  c l u s t e r .  F ig .  4 shows t h a t  i f  one u ses  t h i s  c l u s t e r  o f  p o i n t s  t o  
e s t i m a t e  by ana logy  w i th  t h e  a l k a l i  h a l i d e  c o r r e l a t i o n  what t h e  h o s t  c a t i o n  
m i g r a t i o n  e n t h a l p y  in  CaO should  b e ,  a v a l u e  o f  1 .2 -1 .3eV  i s  o b t a i n e d .
The e x p l a n a t i o n s  and c a l c u l a t i o n s  t h a t  f o l l o w  assume t h a t  t h e  t h e o r y  
o f  1 .4 ,  o r i g i n a l l y  deve loped  f o r  IA h a l i d e s ,  a p p l i e s  t o  IIA o x id e s .  The 
two f a m i l i e s  show many s i m i l a r i t i e s  ( e . g .  l a r g e  energy  gap,  s i m i l a r  e l a s t i c  
p r o p e r t i e s ,  p re d o m in a n t ly  i o n i c  bonding)  and t h e  t h e o r y  e x p l a i n s  t h e  CaO 
d a t a  s a t i s f a c t o r i l y ,  so i t  seems r e a s o n a b l e  t o  use  i t  u n t i l  problems a r i s e .
An a c t i v a t i o n  ene rgy  of  H i m p l i e s  t h a t  Gupta and Wei r ick  observed  
r e g i o n  I I  or  I I I  d i f f u s i o n  i n  CaO c o n t a i n i n g  i m p u r i t y  o f  n e t  p o s i t i v e  e f f e c t i v e  
c h a rg e .  (See T ab le s  I and I I .  As n o te d  i n  1 . 4 . 3 ,  i t  makes l i t t l e  d i f f e r e n c e  
as  f a r  a s  t h e  d i f f u s i o n  p a r a m e te r s  a r e  conce rned  w hether  t h e  d i f f u s i o n  i s  in  
r e g i o n  I I  or  r e g i o n  I I I . )  Th is  i s  c o n s i s t e n t  w i th  t h e  s t a t e d  a l i o v a l e n t  
i m p u r i t y  c o n t e n t  o f  t h e  c r y s t a l s ,  10 ppm Al.
De Keyser e t  a l .  (1969) worked out  Ca d i f f u s i o n  c o - e f f i c i e n t s  in  
1100-1500°C. from t h e  s h r in k a g e  o f  CaO compacts  d u r in g  s i n t e r i n g .  The 
magni tudes  o f  t h e  d i f f u s i o n  r a t e s  and A r rh e n iu s  p a r a m e te r s  make i t  p ro b a b le  
t h a t  t h e  d i f f u s i o n  was p r e d o m i n a n t l y  l a t t i c e  d i f f u s i o n ;  as  t h e  compacts  
c o n t a in e d  30 t im e s  a s  much s o l u b l e  a l i o v a l e n t  i m p u r i t y  as  t h e  c r y s t a l s  u sed  
by Gupta and W ei r ick ,  t h e  l a t t i c e  d i f f u s i o n  was p ro b a b ly  main ly  r e g i o n  I I  or  
I I I  d i f f u s i o n .  The im p u r i t y  i n  t h e  compacts ,  b e in g  ma in ly  sodium, had a n e t  
n e g a t i v e  e f f e c t i v e  c h a rg e ,  so t h a t  t h e  c a t i o n  vacancy c o n c e n t r a t i o n  would have 
been  o f  t h e  o r d e r  o f  Ks d i v i d e d  by t h e  a l i o v a l e n t  im p u r i t y  c o n c e n t r a t i o n  
whereas i n  Gupta and W e i r i c k ' s  c r y s t a l s  i t  would have been  o f  t h e  o rd e r  o f  
t h e  a l i o v a l e n t  i m p u r i t y  c o n c e n t r a t i o n  ( see  T a b le s  I and I I  and t h e  i n t r o d u c t o r y  
d e s c r i p t i o n  o f  t h e m ) . One would th u s  e x p ec t  a h i g h e r  a c t i v a t i o n  energy  and 
p r e - e x p o n e n t i a l  f a c t o r  f o r  d i f f u s i o n  i n  t h e  compacts  th a n  f o r  d i f f u s i o n  in  
Gupta and W e i r i c k ' s  c r y s t a l s .  Th i s  was o b s e rv e d ;  a t y p i c a l  s e t  o f  t h e  
r e s u l t s  o f  De Keyser e t  a l .  i s  f i t t e d  by t h e  e q u a t io n
D = 0 . l e x p ( - 3 . 7eV/kT)cm^/sec .
The s i m i l a r  r e s u l t s  o f  L indner  e t  a l .  (1952) were e x p l a in e d  i n  t h e  same way 
by Gupta and W ei r ick .
S ince  t h e  c a t i o n  vacancy  c o n c e n t r a t i o n  i n  t h e  compacts  used by
Fig 4. l_he correiations between Hm and 
n /r. fo r bolides and oxides.
Halides.
NaCI-Sfructure Oxides.
r+/r_
0-3 0-4 0 6 07 0-8
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De Keyser e t  a l .  was o f  t h e  o r d e r  o f  Kg d iv i d e d  by a t e m p e r a t u r e - in d e p e n d e n t  
f a c t o r ,  t h e  a c t i v a t i o n  ene rgy  t h e y  measured w i l l  approx im ate  H +H . (See 
1 . 4 . 4 .  Though r e g i o n  I I  and I I I  d i f f u s i o n  a r e  t h e  main f a c t o r s  c o n t r o l l i n g  
t h e  measured a c t i v a t i o n  e n e r g y ^ " s h o r t - c i r c u i t "  d i f f u s i o n  or  o t h e r  r e g i o n s  
may have some i n f l u e n c e ,  so t h a t  one c an n o t  a s s e r t  t h a t  t h e  measured 
a c t i v a t i o n  ene rgy  e q u a l s  EM-H „) Taking equa l  t o  1.22eV as  s u g g e s te d  
by Gupta and Weir ick  g iv e s  an e s t i m a t e  f o r  Hs o f  2.5eV.
1 . 6 . 2 .  L a t t i c e  S e l f - d i f f u s i o n  ( I n t r i n s i c )
Kumar and Gupta (1969) measured d i f f u s i o n  i n  s i n g l e  c r y s t a l s  c o n t a i n i n g  
no d e t e c t a b l e  a l i o v a l e n t  im p u r i t y .  The p r o f i l e s  cou ld  each be c h a r a c t e r i z e d  
by a s i n g l e  d i f f u s i o n  c o - e f f i c i e n t  over  t h e  whole c o n c e n t r a t i o n  range  s t u d i e d ,  
which was O . l - l .O c ( O )  (c (0 )  b e in g  t h e  s u r f a c e  c o n c e n t r a t i o n )  so t h a t  i t  i s  
p ro b a b le  t h a t  t h e  measured d i f f u s i o n  c o - e f f i c i e n t s  a r e  dominated  by l a t t i c e  
d i f f u s i o n .  They found t h a t
D = 1 . 125±0.22><10"4exp( -2 .79± .06eV /kT)cm 2/ s e c . i n  1465-1760°C.
They s u g g e s te d  t h a t  t h e y  had observed  r e g i o n  I d i f f u s i o n  so t h a t  t h e  
measured a c t i v a t i o n  energy  w i l l  be (from T ab le s  I and I I )  H^+Hs / 2 ;  t a k i n g  
H as  1.22eV (Gupta and Wei r ick  (1967))  g i v e s  Hs equa l  t o  3.1eV. As f o r  
t h e  c a l c u l a t i o n  o f  Hs from t h e  r e s u l t s  o f  De Keyser e t  a l .  (1969), " s h o r t -  
c i r c u i t "  d i f f u s i o n  or  o t h e r  r e g i o n s  may i n f l u e n c e  t h e  measured a c t i v a t i o n  
ene rgy ,  so t h a t  t h i s  v a l u e  o f  H i s  o n ly  an a p p ro x im a t io n .  In view o f  t h i s ,  
t h e  two v a l u e s  o f  Hs ( 2 . 5 , 3 . leV) a r e  n o t  c o n t r a d i c t o r y .
1 . 6 . 3 .  What i s  t h e  N on- Im pur i ty  V a c a n c y - C o n t r o l l i n g  F a c to r?
Now t h a t  p a r a m e te r s  have been  o b t a i n e d ,  t h e y  must be r e l a t e d  t o  t h e o r y .  
The f i r s t  im p o r t a n t  q u e s t i o n  i s  whether  t h e  n o n - i m p u r i t y  v a c a n c y - c o n t r o l l i n g  
f a c t o r  (or  f a c t o r s )  i s  an i n t e r n a l  e q u i l i b r i u m  or  an a t m o s p h e r e - r e a c t i o n .
So f a r  i t  h a s  been assumed t h e r e  i s  o n ly  one,  n o t  t h r e e ,  as  i s  p o s s i b l e  (see  
1 . 4 . 2 . ) ;  t h i s  as sum pt ion  w i l l  c o n t i n u e  t o  be made, u n l e s s  t h e r e  i s  s t r o n g  
ev idence  t o  t h e  c o n t r a r y .
Ev idence  b e a r i n g  on each p o s s i b i l i t y  f o l l o w s .
(1) For i n t e r n a l  e q u i l i b r i a .
(a) A tm o s p h e r e - r e a c t i o n s  a r e  u n im p o r ta n t  i n  BeO and MgO, two ox ide s
which  a re  c l o s e  c h e m i c a l l y  t o  CaO (see  1 . 5 . 1 . ) .
(b) H (abou t  3eV) i s  p o s s i b l y  lower t h a n  t h a t  f o r  MgO (3.5eV; s ee  1 . 5 . 5 . ) ,  
a s  would be  expec ted  from t h e  lower m e l t i n g - p o i n t  o f  CaO (see  Am. Hdbk. o f  
Phys.  2nd E d . , p . 9 - 2 4 ) .
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(c) Hs agrees well with the value of the Schottky defect formation energy 
calculated by Boswarva and Franklin (1967) which is 2.5eV.
(2) For atmosphere reactions.
(a) The experimental method of De Keyser et al. (1969) assumed that the 
cation vacancy concentration was proportional to the hole concentration.
This is easier to explain if an atmosphere-reaction is dominant.
(b) The intrinsic vacancy-controlling factor in SrO is an atmosphere-reaction 
(Murarka and Swalin (1971)).
(c) Relations between pre-exponential factors give a condition on the value 
of the intrinsic vacancy-controlling factor equilibrium constant which is 
easier to explain if the factor is an atmosphere-reaction.
If the net effective charge of the impurity controlling diffusion in 
region II is positive, all the crystals used in measuring region II have the 
same impurity content and the assumptions used in deriving Tables I and II 
hold, it follows that
K /2 exp(S /2k) so r s
Cv
pre-exponential factor of D in region I
pre-exponential factor of D in region II
(1.32)
Kso is the factor not depending on the free energy in the equilibrium constant 
for the intrinsic vacancy-controlling factor. If Ksq varies with the annealing 
conditions, the value to be taken is that for the annealing conditions used 
in determining the region I pre-exponential factor.
is the reaction entropy for the non-impurity vacancy-controlling factor.
Cv is the cation vacancy concentration from the impurities present in the 
crystals used to determine the region II pre-exponential factor.
If one has two sets of measurements, one for crystals all containing 
a particular concentration of impurity of net positive effective charge (Type 
1 crystals) the other for crystals containing a particular concentration of 
impurity of net negative effective charge (Type 2 crystals),
K exp(S /2k) pre-exponential factor of D in region II-Type 2 
_ - _
vl v2 pre-exponentia] factor of D in region II-Type 1
(1.33)
The value of Ksq is that for the conditions under which the Type 2 crystals 
were annealed.
C  ^ is the cation vacancy concentration from impurities in the Type 1 crystals. 
Cv 2 is the concentration in the Type 2 crystals of the species complementary 
to cation vacancies in the solubility product (e.g. anion vacancies); it is
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assumed that each of the complementary species has the same effective charge 
as a cation vacancy.
The principal aliovalent impurity content of the crystals used by 
Gupta and Weirick (1967) was 10 ppm A1 and that of the compacts used by De 
Keyser et al. (1969) was 300 ppm Na. Assuming that cation vacancies in 
CaO are doubly charged and that the measured pre-exponential factors correspond 
to thoser for region I diffusion (Kumar and Gupta) and region II diffusion 
(Gupta and Weirick, De Keyser et al.), (1.32) and (1.33) can be applied to 
the available data. Applying (1.32) to the data of Kumar and Gupta and 
Gupta and Weirick gives
K1/2 exp(S /2k) = 0.05so s' J -0.01
Applying (1.33) to the data of Gupta and Weirick and De Keyser et al. gives
Kso exp(Ss/k) = 0.008±0.005.
The errors given are from the least-squares errors in the pre-exponential 
factors. These errors, together with those resulting from breakdown of the 
assumptions about cation vacancy charge and the assignment of data to 
particular diffusion regions, may be shown to be not large enough to affect 
the conclusion that K exp(S /k) for CaO is rather less than one in air and 
argon.
For the usual diffusion-controlling internal defect equilibria, 
with equilibrium constants involving only the Frenkel or Schottky solubility 
products, Kso exp(Ss/k) is usually greater than one, Ksq being of the order 
of one and Ss positive. Thus if internal defect equilibria controlling CaO 
diffusion, they must have unusual features; on the other hand Ksq exp(Ss/k) 
is usually less than one for atmosphere-reactions at lower pressures (Moore 
(1952)) and so if an atmosphere-reaction controlled CaO diffusion, it would 
not be in any way unusual.
Thus it remains uncertain whether intrinsic diffusion in CaO is 
controlled by an atmosphere-reaction or not.
1.6.4. Miscellaneous Results
Certain extra data, which will be compared later with the results of 
this study, are given here.
(a) Gupta and Weirick*s results (1967) give for the short-circuit Ca 
diffusion at 1400°C.:
(1) D^/D = 20ym, d* 1 *S = 4xl(f 14cm3/sec.
Li
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(2) The average distance between short-circuit paths is about 40qm.
(b) Appel (1968) measured the diffusion co-efficient of Ni in CaO. He 
obtained:
D=0.382 +7‘t 7, exp(-3.60±,45eV/kT)cm1 2 3/sec in 1350-1530°C.-. 3o4
Summary
2 +Ca diffuses in CaO by a vacancy mechanism,’ with H =1.22eV and 
an of about 3eV. The equilibrium or reaction to which Hs refers cannot 
be decided. Short-circuit diffusion of Ca has been detected below 1400°C. 
and some measurements of Ni. diffusion have been made.
1.7. AIMS OF THIS STUDY
(1) The contribution of short-circuit paths to diffusion in each case was 
to be determined. (This is in any case necessary in order to be able to carry 
out the succeeding aims.)
The data required for the next three aims were obtained by measuring 
the temperature and impurity content dependence of the lattice diffusion co­
efficient of certain impurities (chosen by criteria which are given below) 
over a wide temperature range.
(2) The diffusion-controlling factors at each temperature and the 
diffusion parameters were to be determined in each case by comparing the 
results of the above measurements with the theory outlined in 1.3. and 1.4. 
above.
(3) It was pointed out in 1.5.2. that the comparison of the impurity size 
effect results in MgO and A^O^ with those in NaCl and KC1 was ambiguous; 
the difference could be caused by the small cations of the former, or the 
fact that they are oxides and not halides. The comparison of CaO results 
with those in NaCl will not be ambiguous, because Ca^+ and Na+ are about the 
same size. (Their Pauling radii are 0.099nm and 0.095nm according to Dekker 
(1957), p.126.) Thus it would be interesting to investigate the size effect 
in CaO; this was to be done by comparing the results obtained as above for 
two impurities, which should:
(a) be divalent (to avoid charge effects)
(b) be likely to diffuse by the same mechanism as Ca^+
(c) differ greatly in size (to magnify any effect)
(d) be experimentally convenient.
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2+ 2+Ni and Sr  were s u i t a b l e  and were chosen  as  two o f  t h e  i m p u r i t i e s  mentioned 
a b o v e .
(4) Complementing t h i s ,  i t  would be d e s i r a b l e  t o  i n v e s t i g a t e  a l s o  t h e
2 +e f f e c t  o f  i o n i c  c h a rg e .  Th is  was t o  be done by comparing t h e  Sr r e s u l t s  
w i th  t h o s e  f o r  an i m p u r i t y  which re sem bled  i t  i n  a l l  r e s p e c t s  excep t  i o n i c  
ch a rg e ;  Y^+ was chosen .
(5) S ince  t h e  n a t u r e  o f  t h e  n o n - i m p u r i t y  f a c t o r  c o n t r o l l i n g  c a t i o n  d i f f u s i o n  
i n  CaO i s  u n c e r t a i n  ( 1 . 6 . 3 . ) ,  i t  was t o  be i n v e s t i g a t e d  a l s o :
(a)  A l l  n o n - im p u r i t y  c o n t r o l l e d  d i f f u s i o n  c o - e f f i c i e n t s  measured in  CaO in  
d i f f e r e n t  a tm ospheres  under  o th e r w i s e  s i m i l a r  c o n d i t i o n s  ( i n c l u d i n g  t h e  
measurements  i n  1 . 6 . 2 . ,  t h o s e  d e s c r i b e d  above and some e x t r a  r u n s  in  vacuo) 
were compared.
(b) T h e o r e t i c a l  Hs f o r  v a r i o u s  p o s s i b i l i t i e s  c a l c u l a t e d  e m p i r i c a l l y  or  by 
t h e  method o f  Mott and L i t t l e t o n  (1938) were t o  be compared w i th  t h e  e x p e r i ­
men ta l  v a l u e s ,  and w i th  each o t h e r .  (For s i m i l a r  compar isons  o f  t h e o r e t i c a l  
H , see  Dickens  e t  a l .  (1 9 6 8 ) . )
In a l l  c a s e s ,  compar isons  were t o  be  made w i th  s i m i l a r  s t u d i e s  in  
o t h e r  s u b s t a n c e s .
Summary
The main aims o f  t h i s  p r o j e c t  were :
(1) t o  i s o l a t e  t h e  s h o r t - c i r c u i t  c o n t r i b u t i o n  t o  d i f f u s i o n  i n  each c a s e ,
(2) t o  f i n d  t h e  d i f f u s i o n - c o n t r o l l i n g  f a c t o r s  and d i f f u s i o n  p a ra m e te r s
f o r  l a t t i c e  d i f f u s i o n ,
(3) t o  s tu d y  t h e  i m p u r i t y  l a t t i c e  d i f f u s i o n  s i z e  e f f e c t ,
(4) t o  s tu d y  t h e  i m p u r i t y  l a t t i c e  d i f f u s i o n  c h a rg e  e f f e c t ,
(5) t o  i n v e s t i g a t e  t h e  n a t u r e  o f  t h e  n o n - i m p u r i t y  f a c t o r .
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CHAPTER II
EXPERIMENTAL DETAILS
II.1. MATERIALS
The CaO for the experiments was obtained as single crystals grown by 
the electric-arc fusion method (described by Henderson and Wertz (1968)).
To try and determine the effect of crystal purity etc. on the diffusion co­
efficient, three different kinds of crystals were used.
(1) The first kind, hereafter referred to as 3N Spicers’, was obtained 
from W. and C. Spicer Ltd. (England) as 5mm rough-cleaved cubes immersed 
in oil; they were stated to be 99.9% (3N) pure. They were colourless and 
transparent, but slightly milky in comparison with e.g. a piece of glass.
The cubes were further cleaved to produce crystals of suitable dimensions; 
generally the cleaving-blade did not cut cleanly through the crystal, but 
left the resulting surface a mosaic of high and low regions. Only uncrac.ked 
crystals were used.
Table III gives the impurity concentrations as stated by the 
manufacturer. Note that OH , whose concentration is not given, may also 
affect diffusion significantly. (Henderson and Wertz (1968) mention that 
it is often found in IIA oxides.)
(2) The second kind, also obtained from W. and C. Spicer Ltd., were 
received as irregular blocks about 4cm. in typical dimension immersed in oil. 
They were stated to be 99.97% pure, and will in future be referred to as 3N+ 
Spicers' crystals'.
Some of the surfaces of these blocks were covered with honeycomb-like 
polycrystalline material. In some parts, there was an amber-coloured layer; 
this suggests that there was a significant impurity gradient through a block, 
and that the quoted purity was only an average. (This does not apply so 
strongly to the 3N Spicers' crystals; cleaved cubes would only come from 
the centres of raw crystals, where the impurity concentrations might well vary 
much less.) Otherwise, the blocks were colourless and perfectly transparent; 
they cleaved cleanly.
(3) Crystals, hereafter referred to as Muscle Shoals crystals, were obtained 
from the Muscle Shoals Electrochemical Corporation (U.S.A.), who also supplied 
the crystals used by Kumar and Gupta (1969), as 5mm rough-cleaved cubes. They 
were stated to be 99.95% pure.
TABLE III
THE IMPURITY CONTENT OF 3N SPICERS’ CRYSTALS
—
Impurity Concentration
(ppm)
Impurity Concentration
(ppm)
Na <100 Ni < 50
Be n.d,<100 Si <100
Mg <200 Sn < 50
Sr <100 Pb < 50
Ba < 10 Pd n.d.
A1 n.d. Ti n.d.
Ga n.d. Cd <100
Cr n.d,<100 Cu n.d.
Mn < 50 Ag n.d.
Fe < 50 Mo n.d.
Co n.d. Ce < 50
‘ n.d. = not detected
f
Only the aliovalent impurities should affect diffusion 
significantly.
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These were not sent immersed in oil, and by the time the can was 
opened, they had crumbled or at least had become white and completely opaque. 
On heating at 1550°C. the milkiness first split into strands, allowing light 
to pass through the crystal, and then gradually disappeared altogether, 
leaving the crystals completely transparent after a couple of days’ heating. 
Crystals to be used for diffusion runs below 1550°C. were cooled slowly to 
the temperature of the run before being taken out of the furnace. After 
this heat treatment the crystals cleaved cleanly.
Summary
The origins, purities and special characteristics of the CaO 
crystals used are described.
11.2. GRINDING AND POLISHING THE CRYSTALS
11.2,1 Reaction with the Atmosphere
CaO crystals exposed to ordinary humid air for a few days will crack 
when handled and finally crumble, so that crystals were kept under hexane 
or transformer oil when not actually being handled. An exposure of a few 
hours while grinding etc. will not make any obvious difference, but the 
reaction with the atmosphere is going on all this time, altering the OH 
content and structure of the near-surface region. During the rough-grinding 
of the crystal this does not matter, because layers are being removed more 
rapidly than they react. However, such reactions during later stages of the 
preparation could seriously affect subsequent diffusion in the crystal.
A dry atmosphere will reduce the reactions with H^O and CO^ (see 
Mellor (1960), Vol. 3, p.663) for those stages of the preparation that do 
not take much longer to do in the dry atmosphere than in the open air. The 
dry atmosphere was produced experimentally inside a glove-box with silica gel. 
The relative humidity indicator used was a piece of blotting paper which had 
been dipped into a solution of CoC^ in a 2:1 mixture of water and glycerol, 
(see Solomon et al. (1945)).
*
11.2.2. Rough Grinding
The shape of the crystal must satisfy two conditions to give the 
desired boundary conditions for Fick's Second Law (see II.6.1.).
(1) The face of the crystal on which the impurity is to be deposited 
(the deposit-face) must be flat to considerably better than /dF of the sub­
sequent diffusion.
(2) The crystal planes parallel to the diffusion face and less than about
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5/Dt from it must equal it in area.
Crystals were usually prepared in pairs. (2) was satisfied for 
properly cleaved crystals; others were shaped with 400 SiC paper and the 
giound faces smoothed with finer abrasives.
The deposit-faces were ground to satisfy condition (1). The faces 
of badly cleaved crystals were first ground with 600 Norbide powder etc. on 
glass until they were fairly uniform. All deposit-faces were then ground 
with 6ym paste on glass until they looked uniform. (When grinding in the 
glove-box, care was taken that parallel layers were removed.) If the two 
crystals were to be bound together for the diffusion run, notches or grooves 
were made to guide the binding-wire on two opposite edges of the faces 
opposite the deposit-face.
Crystals for Sr(90) and Y (90) runs were heated over about 2 hours 
to about 1000°C. in an alumina tube. The white layer which usually appeared 
was ground off with 6ym paste on glass (see II.4.3. for an explanation).
II.2.3. Polishing
The deposit-faces were next polished till they looked smooth and gave 
good white light interference fringes when pressed against a glass slide.
This was done because:
(a) Scratches etc. may affect the diffusion co-efficient.
(b) The interference fringes give the best test for surface flatness.
(c) A smooth surface will react less readily with the air (or NiCl^; 
see II.3.3.).
(d) When sectioning, a rough surface will cause the comparator to give 
false distance measurements in the first sections (see II.7.1.).
The crystals were severely scratched by polishing on glass. Two 
methods were used instead:
(1) The faces were polished with 3ym paste and oil on AB microcloth for 
3 hours, and with lym paste for 1 hour. The deposit-face after this was 
rarely flat to better than 3-5ym.
(2) The faces were polished for a few minutes with 3ym paste rubbed into 
a polished copper disc. To remove traces of copper etc., they were then 
polished for 40 minutes with 3ym paste on cloth and 10 minutes with lym paste. 
The faces after this were usually flat to better than lym.
Summary
CD CaO reacts with the ambient, and the reaction may affect diffusion
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results; using a glove-box can reduce the extent of reaction.
(2) The crystal must be ground to a certain shape; the procedure is 
described.
(3) It is then desirable to polish the deposit-face; the procedures 
used are given.
II.3. DEPOSITING NICKEL ON THE CRYSTALS
II. 3.1. Introduction and Description of the. Tracer used
In most of the impurity diffusion studies mentioned in Sections
I. 5 and 1.6, the depositing and diffusion of the impurity did not lead to 
any significant changes in crystal properties influencing diffusion. This 
condition will be referred to as "impurity diffusion in a pure crystal".
Since it simplifies theoretical and experimental analysis of the results 
and comparisons with earlier work, certain precautions were usually taken
to ensure that it did hold here. The precautions always included depositing 
small quantities of the impurities; radio-active isotopes were therefore 
used to permit accurate analyses.
For nickel, Ni(63) obtained from Oak Ridge National Laboratory as 
NiC^ dissolved in water was used. Ni(63) decays to Cu(63) with a half life 
of 120 years, emitting 3-rays of maximum energy 0.067MeV. (Nuclear Data 
Sheets 60-5-61). The second component in the absorption curve (Fig. 5; 
the curve was measured using aluminium foil and the 3-counter to be described 
in II.7.2.) must be due to an impurity; the absorption co-efficient is that 
of the 6.9keV X-ray emitted in the decay of Ni(59). No y-activity was detected.
II. 3.2. Determination of the Amount to be Deposited
For subsequent diffusion run temperatures above 1400°C., the condition 
that the impurity not perturb the crystal limited the amount deposited. NiO 
contains some Ni^+ in thermodynamic equilibrium at high temperatures, and some 
of the nickel dissolved in CaO may also become trivalent at high temperatures. 
Trivalent ions will cause extra vacancies to be introduced into the CaO 
crystal; if there be enough of them, the diffusion properties of the crystals 
will alter.
To ensure that this did not happen, the amount of NiCl? deposited was 
kept sufficiently low for the extra vacancy concentration from Ni (assuming 
the same proportion of NiT* ions as in NiO) to be less than lOppm after 1% of 
the annealing time. (This should give an upper bound, as it is probable that 
the Ni^+ proportion would be lower than in NiO; cf. Blank’s (1968) study
Fig.5. Absorption curve for the Mi(63)
trocer
0
Absorber
20 40
p
thickness (mg/cm")
i is the radiation intensity
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of Fe:MgO.)
In 980-1400°C., the limit to the amount deposited was set by the 
desired solution of Fick's Second Law, which required that this amount be 
less than the amount the crystal could dissolve in 1% of the annealing 
time, (see II.6.1.)- This amount was calculated approximately, using 
Rungis' (1965) method.
11.3,3. Depositing the Tracer and Subsequent Pre-annealing Procedures
The tracer was deposited on the crystal from solution in absolute 
alcohol (99.5%). This solvent was used because it reacts only slightly, if 
at all, with CaO (see Noyes (1923) and Dietrich (1930)) and dissolves even 
CaO powder only slightly at room temperature (Neuberg and Rewald (1908)).
The NiCl2 solution to be deposited on a group of crystals was placed 
inside a bottle-top, the water was evaporated off, and the top put immediately 
into the glove-box. The NiCl2 was re-dissolved in alcohol, and drops of 
solution deposited with a syringe on the crystals. Ethanol spreads easily, 
so that uniform layers were obtained. (They were checked by autoradiography.)
A serious problem arises when the crystal is heated, and the NiCl^ 
is converted to NiO. The conversion can occur by two reactions, both proceeding 
at an appreciable rate above 300°C.
(1) 2NiCl2 + 02(air) = 2Cl2(gas) + 2NiO.
(Mellor, (1961), Vol XV, p.411-12.)
(2) Nicl2 + Ca0 = Cad 2 + NiO.
(Hedvall (1931).)
(2) is undesirable, because even if only a little CaCl2 dissolves in 
the CaO, it can greatly alter the vacancy concentration, which is only about 
10-100ppm at diffusion run temperatures. It cannot be avoided by:
(a) using another nickel salt instead of NiCl2. Most react significantly 
with CaO at lower temperatures than with air (Hedvall (1931)).
(b) using a very small amount of NiCl2. The amount that would have to 
be used to ensure that dissolved CaCl2 had no effect on the vacancy concen­
tration would be too small to make analysis of the results possible.
The only things that can be done are:
(1) to try and minimize the effects of reaction (2).
(a) The polishing of the deposit-face reduced its surface area.
(b) Hedvall (1931) found a sharp upturn in the heating-curve for
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r e a c t i o n  (2) a t  340°C.,  i n d i c a t i n g  t h a t  i t  became much more r a p i d  a t  abou t  
t h i s  t e m p e r a t u r e .  T h e r e f o r e  t h e  NiCl^ was co n v e r t e d  t o  NiO by h e a t i n g  a t  
a  s l i g h t l y  lower t e m p e r a t u r e  (320-330°C. ) .
(c l  The c r y s t a l  was p l a c e d  i n  t h e  h e a t i n g - t u b e  d e p o s i t - f a c e  upwards,  
t o  g iv e  good c o n t a c t  w i th  t h e  a i r .
(d) A f t e r  t h e  h e a t i n g ,  t h e  c r y s t a l  was immersed in  e t h a n o l  f o r  a few 
m inu te s  t o  t r y  and d i s s o l v e  any CaCl^ p roduced .  ( I t  would be ex p ec ted  t o  
d i s s o l v e  i n  t h e  l a t t i c e  on ly  a t  a much h ig h e r  t e m p e r a t u r e  t h a n  330°C.)
(2) To c a r r y  ou t  t h e  c o n v e r s io n  r e p r o d u c i b l y ,  in  o rd e r  t o  a l low  f u t u r e  
work t o  be  compared w i th  t h e s e  r e s u l t s ,  and t o  e l i m i n a t e  v a r i a t i o n s  between 
t h e  c r y s t a l s .  The c r y s t a l s  were a l l  h e a t e d  a t  t h e  t e m p e r a t u r e  g iven  i n  
(1) (b) above  f o r  about  3 h o u r s .
The low c o n v e r s io n  t e m p e r a t u r e  gave b la c k  NiO, which c o n t a i n s  abou t
2% Ni^+ (Deren e t  a l .  (1 9 6 2 ) ) .  A f t e r  t h e  c o n v e r s i o n ,  t h e  c r y s t a l s  were h e a t e d
f o r  ab o u t  5 minu tes  a t  1050°C. ,  u s in g  t h e  p r o c e d u r e s  d e s c r i b e d  i n  I I . 5. below:
3+ . 2+p r e l i m i n a r y  expe r im en t s  showed t h a t  t h i s  c o n v e r t e d  n e a r l y  a l l  t h e  Ni t o  Ni , 
w h i l e  o n ly  a l l o w i n g  a smal l  amount o f  NiO t o  d i s s o l v e .
Summary
The r e a s o n  f o r  u s i n g  r a d i o - a c t i v e  t r a c e r s  was g iv e n .  Next t h e  i s o t o p e  
used  was d e s c r i b e d ,  and t h e  l i m i t s  t o  t h e  amount t h a t  cou ld  be d e p o s i t e d  were 
g iv e n .  The d e p o s i t i n g  p ro c e d u r e  was d e s c r i b e d .  One o f  t h e  r e a c t i o n s  t h a t  can 
o c c u r  when N i C ^  i s  h e a t e d  t o  NiO cou ld  s e r i o u s l y  a f f e c t  d i f f u s i o n ;  t h e r e  i s  
no way o f  making s u r e  t h a t  i t  has  been e l i m i n a t e d ,  b u t  c e r t a i n  p r o c e d u r e s  
a f t e r  d e p o s i t i n g  (which a r e  d e s c r i b e d )  w i l l  r e d u c e  i t  o r  a t  l e a s t  make i t s  
e f f e c t  th e  same in  a l l  c a s e s .
I I . 4.  DEPOSITING STRONTIUM AND YTTRIUM ON THE CRYSTALS
I I . 4 . 1 .  D e s c r i p t i o n  o f  t h e  T r a c e r s  Used
The S r (90) and Y(90) used  came from a Sr (90) sou rce  s u p p l i e d  by 
U.K.A.E.A. (Amersham) as SrCNO^^ d i s s o l v e d  i n  IN HNO^. I t  was r e c e i v e d  
i n  May 1968.
S r (90) decays  w i th  a h a l f  l i f e  o f  27 y e a r s  t o  Y(90) ,  e m i t t i n g  
3- r a y s  o f  maximum energy  0.54MeV. Y(90) decays  w i th  a h a l f  l i f e  o f  64 hours
t o  Z r ( 9 0 ) ,  e m i t t i n g  3 - r a y s  o f  maximum energy  2.27MeV and a few y - r a y s . ( s e e  
N uc lea r  Data  S h ee t s  60 -4 -33  and 6 0 - 4 - 3 4 ) .
F i g .  6 shows t h e  a b s o r p t i o n  cu rve  o f  a sample ,  made u s in g  aluminium 
s h e e t s  and t h e  Ekco equipment mentioned in  I I . 7 . 3 .  The cu rv e  agreed  w i th
R.q 6. Absorption curve for the Sr (SO) tracer.
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t h a t  from a r e f e r e n c e  S r (90) sou rce  f o r  t h e  second component ,  and t h e  h a l f  
a b s o r p t i o n  t h i c k n e s s e s  o f  aluminium f o r  t h e  two components ag ree d  w i th  t h o s e  
of  S r (90) and Y(90) r a d i a t i o n  (Kaye and Laby (1959) ,  p . 1 9 6 ) .  A gamma- 
spec trum ta k e n  by Mr. D.M. P r i c e  i n  t h i s  l a b o r a t o r y  showed no l o n g - l i v e d  
gamma i m p u r i t i e s .
I I . 4 . 2 .  The D e te r m in a t io n  o f  t h e  Amount t o  be Deposi t e d
The l i m i t  t o  t h e  amount o f  Sr (90) o r  Y (90) d e p o s i t e d  was s e t  by t h e
4+amount o f  z i rc on ium  accompanying them. Z i rcon ium w i l l  d i s s o l v e  a s  Zr , 
and so Sr and Y w i l l  n o t  be d i f f u s i n g  i n  an u n p e r tu r b e d  c r y s t a l  u n l e s s  t h e  
amount o f  z i rc o n iu m  d e p o s i t e d  i s  k e p t  v e r y  s m a l l .  (This  amount was e s t i m a t e d  
from t h e  Y(90) a c t i v i t y  o f  t h e  d e p o s i t ,  assuming t h a t  t h e  r a t i o  o f  t h e  amounts 
of  Y(90) and Zr(90)  was t h e  same as  i n  t h e  o r i g i n a l  s o l u t i o n . )  I t  was always  
kep t  low enough f o r  t h e  z i rc o n iu m  c o n c e n t r a t i o n  t o  be l e s s  t h a n  O.lppm 
when i t s  /Dt" exceeded 2ym. (The amount o f  z i rcon ium  d e p o s i t e d  was l e s s  t h a n  
o n e - h a l f  o f  t h i s  f o r  t h e  1090°C. r u n s ,  and o n e - t e n t h  f o r  t h e  970°C. r u n s . )
I I . 4 . 5 .  D e p o s i t i n g  and P r e - D i f f u s i o n  Run P rocedure  f o r  S t ro n t iu m  Runs
T ra c e r  w i th  a r ed u ce d  p r o p o r t i o n  o f  z i rcon ium  was p r e p a re d  f o r  each 
c r y s t a l  p a i r  by h e a t i n g  a drop o f  t r a c e r  s o l u t i o n  a t  about  250°C. f o r  1-2 
h o u r s ,  c o n v e r t i n g  z i rc o n iu m  and y t t r i u m  n i t r a t e s  t o  i n s o l u b l e  forms ( see  
M ello r  (1960) Vol.  5, p .683  f o r  Y; Vol.  7,  p .162  f o r  Zr) and th e n  r e ­
d i s s o l v i n g  t h e  unchanged S r ^ O ^ ^  i n  d i s t i l l e d  w a te r .  The w a te r  was 
ev ap o ra ted  and th e  t r a c e r  d e p o s i t e d  l i k e  N i ( 6 3 ) .
The p a i r  o f  c r y s t a l s  was h e a t e d  t o  1100°C. t o  c o n v e r t  S r (N 0^ )? t o  SrO; 
t o  r e d u c e  e v a p o r a t io n  o f  S r ^ O ^ ^ »  "the c r y s t a l s  were bound t o g e t h e r ,  t h e i r  
d e p o s i t - f a c e s  t o u c h i n g ,  and t h e  t e m p e r a t u r e  was r a i s e d  a t  a c o n t r o l l e d  r a t e .
I t  was found t h a t  even when a l l  t h e  p r e c a u t i o n s  o f  I I . 5.  were o b s e rv e d ,  
c r y s t a l s  were w h i tened  by t h e  a tm osphere ;  however,  i f  t h e y  had been h e a t e d  
d u r in g  g r i n d i n g  ( see  I I . 2 . 2 . )  no t  more t h a n  a coup le  o f  days  b e f o r e ,  t h e y  
remained  s h iny  ( see  Asselmeyer  (1969) f o r  a p o s s i b l e  e x p l a n a t i o n ) .
I I . 4 . 4 .  D ep o s i t i n g  and P r e - D i f f u s i o n  Run P ro ced u re  f o r  Y t t r ium  Runs
No s imple  s e p a r a t i o n  from z i rc on ium  i s  p o s s i b l e ,  b eca use  of  t h e i r  
chemica l  s i m i l a r i t y ,  and so t h e  amount d e p o s i t e d  i s  s e v e r e l y  l i m i t e d .  S in ce  
t h e  p r o p o r t i o n  o f  t h e  y t t r i u m  counted  formed d u r in g  or  a f t e r  a n n e a l i n g  must 
be k e p t  low, i t  i s  d e s i r a b l e  t o  use  t r a c e r  w i th  a low p r o p o r t i o n  o f  S r ( 9 0 ) .  
Such t r a c e r  could  be o b t a i n e d  by t a k i n g  th e  f r a c t i o n  o f  t r a c e r  which d i s s o l v e d  
most r e a d i l y  i n  a c e t o n e .
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The acetone was evaporated. In most cases the tracer was then 
deposited like Ni(63), but for later runs the piece of glass slide with the 
tracer on it was pressed against the deposit-face of the crystal and a couple 
of drops of alcohol were then deposited to spread the tracer. This saved 
time, which is important for yttrium runs, and gave good results.
The crystal was heated to 1100°C., under conditions chosen to give 
maximum loss of Sr(NO ) .
Summary
(1) The origin of the tracer is described, its characteristics enumerated 
and the tests of tracer purity given.
(2) The limit to the amount deposited is set by the Zr(90) content; the 
limit chosen is given.
(3) For strontium runs, tracer with a reduced zirconium content was 
prepared. It was deposited and ignited to SrO, taking care that it did 
not evaporate.
(4) For yttrium runs, tracer with a reduced strontium content was pre­
pared; it was deposited and ignited to Y2^35 an suc^ a way as to lose as 
much Sr(90) as possible.
II.5, ANNEALING THE CRYSTALS
II.5.1. Preparations for Annealing Crystals in Air
After the various heatings described above were over, each pair of 
crystals to be annealed below about 1500°C. were bound together with 
PtRh wire, their deposit-faces touching, in order:
(1) to reduce evaporation of the deposit,
(2) for the Ni(63) runs, to promote a sintering of the deposit-faces 
to each other (see 11.8.2.).
The bound crystals could not be placed directly in the pure alumina 
support tubes, because CaO crystals reacted with the tubes. They were 
first loosely wrapped in platinum foil, leaving the back face, which would 
not touch the tube wall, exposed to the air.
Above 1500°C., crystals reacted with the platinum also to produce a 
yellow surface compound and the deposit-faces, though unaffected, sintered 
together so well that the crystals were difficult to separate for sectioning. 
To avoid these problems, and to reproduce more closely the conditions used 
by Kumar and Gupta (1969), the pair of crystals was simply butted together,
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their deposit-faces touching, and small pieces of CaO of the same kind placed 
between them and the platinum foil wrapping. (Crystals pre-annealed before 
their diffusion runs at above 1500°C. were treated in the same way.)
s
The air in a tube should be dry and CO^-free while the tube is 
being pushed into the furnace, whether for a diffusion run or a preliminary 
ignition of the deposit. Consequently, after the crystal, wrapped in platinum 
foil etc. had been put into the alumina tube, the tube, thermocouple etc., 
were left for an hour in the glove-box, which contained soda lime (to absorb 
C0?) as well as silica gel.
After this, the thermocouple was pushed into the tube until it 
touched the crystal, and the tube was sealed with a composite stopper and 
Apiezon Q compound. The tube was taken out of the glove-box and freshly 
heated silica gel was taped around the joints and covered with Apiezon Q.
The tube was then pushed slowly into the furnace until the previously 
estimated or determined zone of minimum temperature gradient lay between the 
thermocouple junction and the interface of the crystals; this positioning 
minimized the difference between the measured and diffusion temperatures.
The zone of minimum gradient might have been determined in earlier diffusion 
runs under similar conditions, (i.e. same furnace, tube diameter and thermo­
couple), or estimated from experiments with empty tubes.
II.5.2. Temperature Measurement and Furnaces Used for Runs in Air
As already implied, all temperatures were measured with thermo­
couples. Their e.m.f. was determined to a precision of ]yv by a Leeds 
and Northrup Type K-3 Universal Potentiometer. Temperatures were measured 
at intervals during the run depending on the annealing times and the steadi­
ness of the furnace; at other times, the thermocouple e.m.f. was recorded 
by a Speedomax W Recorder, allowing corrections to be made in case of 
accidents.
For annealing temperatures below 1500°C., Pt-10RhPt couples were 
used. Some were calibrated in this laboratory by Mr. D.M. Price against a 
couple calibrated by the National Standards Laboratory in 1000-1500°C.; for 
others, the e.m.f. at the melting point of gold was determined. Temperatures 
in 1500°C-1750°C. were usually measured witli 5RhPt-20RhPt thermocouples; the 
calibration procedure did not permit them to be properly calibrated against 
the N.S.L. couple. To check that the e.m.f. at a given temperature lay within 
the limits given by the supplier the nominal temperature calculated from the 
measured e.m.f. was compared with the temperature measured by a Pt-10RhPt
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couple in a similar position in the furnace, with its control left at the 
same setting between the two readings. The checks were repeated occasionally, 
especially after high-temperature runs.
Below 1000°C. A.D.A.M.E.L. Furnaces type RT5, with nichrome elements, 
controlled by the expansion of a metal rod, were used. In 1000-1750°C. 
furnaces with Johnson Matthey and Co. Ltd. 40RhPt elements (usually Type TK2 
furnaces) were generally used. One was controlled by a Speedomax H Recorder/ 
Controller with a Rayotube as temperature sensor; the others were controlled 
by a Cambridge Two-Step Indicator/Controller Type No.17734, with a suitable 
thermocouple as temperature sensor.
11.5.3. Other Procedures Carried Out at the Beginning and End of a Run in Air
A few minutes after the tube had been lowered into the furnace, the 
seals were broken to ensure normal atmosphere pressure inside the tube. After 
thermal equilibrium had been attained, temperature gradients were measured 
where this had not been done before under similar conditions,provided that 
the annealing time was longer than a day or so. Adjustments to the tube 
position were made where necessary, silica gel was taped over the joints, 
and the tube re-sealed.
At the end of the run, fresh silica gel was taped around the joints; 
the tube was slowly pulled out of the furnace, and put straight into the 
glove-box. The seals could not stand large pressure differences, so that 
this only reduced, but did not stop, the inrush of moist air. However, 
the crystals’ resistance to attack improved during annealing, so these 
precautions were usually sufficient.
f
11.5.4. Calculation of the Run Time and Temperature (All Runs)
The duration of the run was noted; connections to the time for the 
periods when the temperature was changing rapidly smade more than 1% 
difference only for runs above 1700°C. in air. (For the correction pro­
cedure, see D. Lai, "Diffusion in Body-Centred Cubic Metals" Chap. 20 
(1965).)
After making these corrections, the run temperature, i.e. the constant 
temperature which would produce the experimental /Dt, was always well approxi­
mated by the mean temperature during the run. (The difference is only about 
0.1C? if the temperature during the run varies over 30C°.) Accordingly, 
the mean temperature was worked out from the readings taken (using thermo­
couple tables) and the trends between them, and corrected for temperature
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gradients (not for runs in vacuo), the calibration of the thermocouple and 
the difference between the 1948 and 1968 International Scale of Temperature.
11.5.5. Runs in Vacuo - Procedures Before and After the Run Itself
Since CaO reacts with the material used in the furnace (tungsten) 
and most materials compatible with it at the diffusion temperatures (1650- 
1850°C.), a reaction somewhere in the system cannot be avoided. A double 
layer of sacrificiable material between the crystals and the furnace com­
ponents ensured that the reaction did not affect, either of these; the crystals 
with their deposit-faces touching were placed on a block of CaO inside a 
tantalum crucible, which was then lowered into the furnace.
The furnace was sealed, and the air pumped out. The temperature 
was raised in steps to about 1100°C., waiting after each step until the 
pressure had settled down. The furnace was held at about 1100°C. for 2-6 
hours to allow the crystals to approach equilibrium with the atmosphere, 
and dissolve the tracer. (NiO decomposes in vacuo at high temperatures;
Foote and Smith (1908).) The temperature was then raised in a few minutes 
to the desired diffusion temperature.
At the end of the run, the temperature was lowered in steps, so as 
not to damage the crystals. These had lost not more than 1% in weight, 
apparently mainly from the exposed faces, which had a "frosted" appearance; 
the deposit-face was unaffected.
Runs above 1970°C. were impossible, because of the violence of the 
reaction between CaO and tantalum. Runs in a flowing atmosphere of dried 
argon were attempted, but impurities oxidized the tungsten components of 
the furnace.
II. 5.6. Temperature and Pressure Measurement and the Furnace Used for Runs
in Vacuo
The temperature was measured with a Leeds and Northrup Optical 
Pyrometer Cat. No.8632-C, which was sighted onto a wedge-like space between 
the diffusion crystals and another piece of CaO placed beside them. Such a 
wedge approximates to a black body (Dictionary of Applied Physics (1922)
Vol. I, p .660).
The pressure was read from a Televac ionization gauge Model No. 
3A5-TC2-R, manufactured by the Fredericks Co. It was usually 5-10x10  ^torr 
during the run.
The furnace used was a Model 300-MC manufactured by R.D. Brew and Co.
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Ltd. with an element and heat shields made of tungsten. The input power 
was controlled by a Speedomax H Recorder/Controller with a P.A.T. control 
unit, using a Brew Power Transducer as the sensor.
Summary
1. Runs in Air
Precautions (which are described) must be taken to avoid reaction 
between CaO and the atmosphere when the tube and crystals are warming up or 
cooling down, and reaction between CaO and Al^ O.. or platinum during the 
diffusion run. The thermocouples used and the methods of checking their 
readings are discussed and the manufacturers etc. of the furnaces used are 
given. The method of working out the final temperature and time of annealing 
quoted in Chapter III is described. (This applies to runs in vacuo as well.)
2. Runs in Vacuo
The precautions taken to prevent reactions between the CaO crystals 
and the furnace components are described. The heating procedure is given, 
followed by detailed descriptions of the temperature and pressure measuring 
instruments and the furnace itself. The crystals do not evaporate signifi­
cantly during annealing. Finally, the reasons for not extending the work to 
higher temperatures or an argon atmosphere are given.
II.6. METHODS OF ANALYSING THE CRYSTALS AND THEORETICAL RELATIONS USED IN 
THEM
II.6.1. Solutions of Pick's Laws Used
The relations used in analysing the results must be derived from the 
solution of Fick’s Laws under the experimental conditions. In order to 
obtain convenient relations, the experimental conditions should therefore be 
chosen to give an analytical, simple solution of Fick’s Laws wherever possible. 
Some of the appropriate experimental conditions were easy to fulfil;
(1) The initial condition (c=0 throughout the crystal).
(2) The crystal was effectively semi-infinite perpendicular to the 
deposit-face (taken as the positive x-direction in future). See Shewmon 
(1966), p.6. However, others had an important effect on the experimental 
procedure:
(3) The diffusion co-efficient was kept constant (neglecting short- 
circuit paths) by ensuring that the diffusing impurity did not perturb 
the crystal (see II.3., II.4.).
(4) Simple boundary conditions on the side faces, and a simpler one
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on t h e  d e p o s i t - f a c e  (which becomes x=0) were o b t a in e d  by shap ing  t h e  c r y s t a l  
where n e c e s s a r y  (see  1 1 . 2 . 2 . ) .
To o b t a i n  a s o l u t i o n ,  i t  i s  now on ly  n e c e s s a r y  t o  s p e c i f y  t h e  
boundary  c o n d i t i o n  a t  x=0. I f  t h e  boundary  c o n d i t i o n  be r e s t r i c t e d  by:
(5) t h e  amount o f  i m p u r i t y  d e p o s i t e d  d i s s o l v e d  i n  a smal l  f r a c t i o n  o f  
th e  a n n e a l i n g  t i m e ,
i t  may be shown, f o r  a un i fo rm  l a y e r  o f  d e p o s i t ,  t h a t  t h e  g e n e r a l  s o l u t i o n  
r e d u c e s  t o  t h e  o n e -d im e n s io n a l  i n s t a n t a n e o u s  sou rce  s o l u t i o n  (denoted by 
h ( x , t )  below) g iv e n  by Cars law and J a e g e r  (1959) p . 5 0 .  (See Appendix I t o  
t h i s  Chap te r  f o r  t h e  p r o o f  and ex ac t  c o n d i t i o n s  on t h e  amount o f  i m p u r i t y . )  
I f  t h e  d e p o s i t  be non -un i fo rm  (5) should  by a na logy  a l s o  r e d u c e  t h e  s o l u t i o n  
to  t h e  i n s t a n t a n e o u s  so u rc e  s o l u t i o n .  Because o f  c o n d i t i o n  (4) above,  th e  
l a t t e r  s o l u t i o n  has  t h e  form g ( y , z , t ) h ( x , t )  ( see  Cars law  and J a e g e r  (1959) 
p .33)  and,  a s  w i l l  be seen ,  i s  t h e r e f o r e  u s u a l l y  as  easy  t o  h a n d le  as i t s  
un ifo rm d e p o s i t  e q u i v a l e n t .
Some e x p e r im e n ta l  r e s u l t s  cou ld  no t  be matched a t  a l l  from t h e s e  
s o l u t i o n s ,  p r o b a b ly  ( see  V . 1 . 2 . )  because  s h o r t - c i r c u i t  p a t h s  were im p o r ta n t  
and H a r t ' s  c o n d i t i o n  (1957) d id  no t  a p p ly .  A s o l u t i o n  f o r  t h e  ex p e r im e n ta l  
boundary  c o n d i t i o n s  and a u n i fo rm  d e p o s i t  g iv e n  by Suzuoka (1961; Adda and 
P h i l i b e r t  (1966) ,  p .684)  which assumes F i s h e r s '  model f o r  s h o r t - c i r c u i t  
p a t h s ,  and i s  v a l i d  f o r  p e n e t r a t i o n  d e p th s  r a t h e r  l e s s  t h a n  t h e  i n t e r ­
p a th  d i s t a n c e ,  was compared w i th  such r e s u l t s .
Most d i f f e r e n c e s  between t h e  a c t u a l  s i t u a t i o n  and t h a t  assumed by 
Suzuoka' s  model p ro b a b ly  have l i t t l e  e f f e c t :
(1) The l a t t i c e  d i f f u s i o n  c o - e f f i c i e n t  i s  so d e r i v e d  t h a t  t h e  e q u i v a l e n t  
s o l u t i o n  u s in g  any p a t h  model would g iv e  s i m i l a r  r e s u l t s  ( see  Adda and 
P h i l i b e r t ,  p . 6 9 0 - 1 ) .
(2) The s o l u t i o n s  f o r  v a r i o u s  p a t h  models ,  o t h e r  v a r i a b l e s  b e in g  kep t  
c o n s t a n t ,  seem t o  g iv e  s i m i l a r  v a l u e s  f o r  t h e  s h o r t - c i r c u i t  p a t h  d i f f u s i o n  
c o - e f f i c i e n t  (Sobaszek (1 9 6 8 ) ) .
(3) S u r fa c e  d i f f u s i o n  w i l l  have l i t t l e  e f f e c t  (Suzuoka (1964 ) ) .
(4) The d e p o s i t  was u s u a l l y  q u i t e  un i fo rm  over t h e  a r e a  a c t u a l l y  
a n a l y s e d .*
The g e n e r a l  p r i n c i p l e s  and a n a l y s i s  r e l a t i o n s  f o r  t h e  t h r e e  methods 
w i l l  now be d i s c u s s e d .
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II.6.2. Sectioning
The crystal was counted, both initially and after grinding successive 
layers of known thickness off the deposit-face. The layers were, if possible, 
parallel to the deposit-face, as this greatly simplifies the analysis 
relations which in the first instance will be derived for this case.
Modifying an equation derived by Gruzin (1952) (see Gertskiren and 
Dekhtyar (1964) p.lll, eqn. (3.33)) for the case where the activity is 
absorbed exponentially by the crystal,
00
A(x ) = k(t) / c (x,t)exp(-y1(x-x^)dx (2.1)
xn
where A(x ) is the activitv counted after a thickness x has been removedn n
k(t) is some function of the time only (hereafter such functions 
will be referred to as constants),
c(x,t) is the concentration in the horizontal layer at x averaged 
over the whole of the crystal area actually being counted,
y'*' is the effective absorption co-efficient (only equal to the actual 
absorption co-efficient when the activity counted is emitted normal to the 
crystal surface). Using it is an approximation, but a good one.
If conditions 1-5 are satisfied, (see II.6.1. above),
c(x,t) = constant exp(-x2/4Dt). (2.2)
It may then be shown (see Adda and Philibert (1966) p.290), that
In (A(x^)-(1/y1)(3A(xn)/3xn)) = constant-(xn2/4Dt). (2.3)
If y^ and Aft are small, this becomes
erfc * (A(x^)/A(0)) = x^ /2A?t. (2.4)
If they are large,
In (A(x )) = constant-(x^2/4Dt). (2.5)
2The relation between each left-hand side and x or x gives an n
straight line. The corresponding experimental relation was therefore fitted 
to a straight line by least squares and D derived from the slope.
If conditions (l)-(5) are not satisfied, the experimental relations
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when fitted to the appropriate equations above will not give straight lines; 
this is a good test to see whether condition (3) is satisfied.
If conditions (l)-(5) (in particular (3)) were not satisfied, it 
has already been indicated that Suzuoka’s solution was used. The method 
used to derive parameters from Suzuoka’s solution was similar to that given 
by Adda and Philibert p.690-1 (1966). The main differences were:
(a) c was replaced by A(x ) - (1/y^) (9A (x )/3 x ) = a(x^) f°r T^i(63).
For Sr (90) is very small, and Whipple’s solution can be used instead of 
Suzuoka’s, substituting A(x^) for c (xn) in The solution. (This is because 
Whipple's solution is the integral of Suzuoka's.)
(b) The distance between short-circuit paths was found by comparing
a (xn)/a (0) (or A(x )/A(0) for Sr (90)) in the short-circuit dominated region 
with the values given in Suzuoka’s (1964) tables for Suzuoka's or Whipple’s 
solution respectively.
When the grinding-plane is tilted relative to the deposit-face so 
that varies from one part of the crystal to another, the relations above 
can still be used, taking an average x , when the variation in it is 
sufficiently small. However, the error in D found in this way reaches 10% 
when the variation increases during sectioning to the effective /Dt of the 
tracer near the ground surface. For larger tilts, the method was modified; 
the volume of the crystal was divided by planes perpendicular to the Y-Z 
plane into smaller sub-volumes, with correspondingly smaller variations in 
x^ for each one. The equations above could be used for each sub-volume 
separately; the relative activity from each sub-volume, and, by adding, from 
the whole crystal was that which gave the best least-squares match with the 
experimental results.
II.6.3. Autoradiography
A crystal face perpendicular to the deposit-face was exposed to 
X-ray film. The image produced by the tracer-radiation was scanned with a 
microphotometer along the direction perpendicular to the deposit-face, giving 
the average darkening over the area projected onto the microphotometer slit 
at one time vs. the mean distance of this area from the deposit-face. The 
analysis relations will now be derived carefully noting all the assumptions 
made.
In what follows, the x-direction is perpendicular to the deposit-face 
and the y-direction perpendicular to the film. Now the radiation from a point 
(x^,z^) in the crystal will darken not only the point with the same co-ordinates
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on the film, but neighbouring points also. This is expressed mathematically 
by introducing a resolution function w which gives the response of a point 
on the film to unit radiation flux at some point in the crystal (Renouf 
(1964)).
Usually it is supposed that the photographic density varies linearly 
with exposure time. Then provided that:
(1) The highest density in the part of the image used to work out D is 
less than 0.5 and the density at different points in the area projected 
onto the slit at any one time varies by less than a factor of 2,
P (x?) = constant / c(x ,t)w(x ,x ) dx (2.6)
all
xi
where P(x2) is the observed density when the area projected onto the slit is 
at a mean distance of x^ from the deposit-face plane,
c(x^,t) is the average concentration over the y-z plane at x=x^ as 
far as the effect on the film is concerned,
w(x^,x^) is the average weight-function under the same conditions. 
(Condition (1) is necessary because the microphotometer averages transmitted 
light intensity, not photographic density; under this condition, the 
difference between the averages is insignificant.)
The form of w(x^,x2) was found experimentally. For an undiffused
deposit,
P(x2) = constant w (0,x2) (2.7)
(Rungis and Mortlock (1966)). To deduce w(x^,x2) for all the diffused 
deposits from this result, it is necessary first that w(0,x2) for these 
deposits be the same as for the undiffused deposits, and, secondly, that 
w(x^,x2) reduce to a function of one variable, x^-x2 (i*e. that the darkening 
of a line on the film by a plane of the crystal parallel to it depend only 
on the distance between them). The first condition requires that:
(2) The distance from the film of the crystal surface is the same at 
corresponding points for the diffused and undiffused deposits.
(3) The same kind of film, processed in the same way, is used.
(4) The dependence of c on y and z near the surface being autoradiographed 
must be the same for the two deposits. This can best be satisfied if c vary 
little with y and z near the surface or, in mathematical language,
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(a) 3c /3y  must be v e r y  smal l  f o r  a l l  y^ t h a t  c o n t r i b u t e  to  t h e  image,
2 2(b) 3 c /  3z i s  smal l  when ave raged  over  t h e  z^ -co -o rd in a - t e s  o f  p o i n t s  
c o n t r i b u t i n g  t o  t h e  image in  t h e  a r e a  p r o j e c t e d  on th e  s l i t  a t  one t im e .
The second c o n d i t i o n  r e q u i r e s ,  i n  a d d i t i o n ,  t h a t :
(5) The u n d i f f u s e d  d e p o s i t  from which w(0,X2) i s  o b t a in e d  i s  sandwiched 
between two c r y s t a l s .
(6) The d i s t a n c e  from th e  f i l m  o f  t h e  c r y s t a l  s u r f a c e  c r o s s e d  by r a d i a t i o n  
forming t h e  image i s  c o n s t a n t .
(7) For d i f f u s e d  d e p o s i t s ,  t h e  a r e a  p r o j e c t e d  onto  t h e  s l i t  whose mean 
d i s t a n c e  from t h e  d e p o s i t - f a c e  p l a n e  i s  i s  a l l  p e r p e n d i c u l a r l y  above CaO 
(not mounting m a t e r i a l ) .
The i n t e g r a l  a n a l y s i s  r e l a t i o n  f o r  P (>^ 2 ) can r e p l a c e d  by a s im ple  
a n a l y t i c a l  one when t h e  s o l u t i o n  o f  F i c k ’s Law s a t i s f y i n g  ( l ) - ( 5 )  ( see  1 1 .6 .1 )  
a p p l i e s ,  p r o v id e d  t h a t  two f u r t h e r  c o n d i t i o n s  be s a t i s f i e d .
2
(8) w(x^-X 2 ) = c o n s t a n t  e x p ( - ( x 1~x2) (2 .8 )
where Dt ~~ i s  some c o n s t a n t ,  e f f
2
F ig .  7,  a p l o t  o f  In P (x 2 ) v s . X 2  f o r  an u n d i f f u s e d  Ni(63)  co u p le ,  
shows t h a t  t h i s  r e l a t i o n  i s  a p p r o x im a te ly  s a t i s f i e d  f o r  t h i s  i s o t o p e .
(9) The a u t o r a d i o g r a p h  i s  t a k e n  w i th  t h e  d e p o s i t - f a c e s  o f  t h e  p a i r  o f  
c r y s t a l s  a n n e a le d  t o g e t h e r  in  c o n t a c t .
The a n a l y s i s  r e l a t i o n  f i n a l l y  o b t a in e d  i s  (Rungis and M or tlock  (1966))
l n P ( x 2 ) = c o n s t a n t - ( x ^ / 4 ( D t + D t ^ ^ ) ) . (2 .9 )
The c o n d i t i o n s  f o r  t h i s  t o  a p p l y  ( ( l ) - ( 9 ) )  a r e  r e s t r i c t i v e ;  i n  
p a r t i c u l a r ,  ( 2 ) ,  (6) and (8) w i l l  n o t  be s a t i s f i e d  e x a c t l y ,  so t h a t  Dte f £
w i l l  be u n c e r t a i n  by abou t  50% a t  b e s t .  I f  Dt be l a r g e  r e l a t i v e  t o  D t ^ ^ ,  
t h i s  w i l l  have  l i t t l e  e f f e c t  on t h e  a c c u r a c y  o f  t h e  f i n a l  r e s u l t ;  i n d e ed ,  
t h e  c o n d i t i o n s  ( 2 ) - ( 9 )  become l e s s  and l e s s  im p o r ta n t  i n  such c a s e s .  On t h e  
o t h e r  hand,  t h e  n o n - f u l f i l m e n t  o f  t h e  c o n d i t i o n s  s e t s  a d e f i n i t e  lower bound 
t o  t h e  Dt which  can be d e t e rm in e d  s u f f i c i e n t l y  a c c u r a t e l y  by (2 .9 )  f o r  a 
g iven  Dtgfp ;  a c c o r d i n g l y  when t h i s  a n a l y s i s  r e l a t i o n  i s  u s e d ,  a u t o r a d io g r a p h y  
i s  on ly  a c c u r a t e  f o r  s u f f i c i e n t l y  l a r g e  p e n e t r a t i o n s  and " s o f t "  r a d i a t i o n s .
( In  t h i s  work, i t  was o n ly  used  f o r  l a r g e  - /Dt" Ni(63)  r u n s . )
For t h e  a p p l i c a t i o n  o f  ( 2 . 9 ) ,  see  S e c t i o n  I I . 8.
[(o)d/rx>d]Ln
2RgJ. Ln. Pjx0) vs. x “  pjot for an undiffused
Ni (63) deposit
x (pm )
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I I . 6 .4 .  S u r f a c e  A c t i v i t y
The a c t i v i t y  of  t h e  d e p o s i t - f a c e  was measured b e f o r e ’and a f t e r  
a n n e a l i n g .  I f :
(1) t h e  s o l u t i o n  t o  P i c k ' s  Law i s  t h a t  s a t i s f y i n g  ( l ) - ( 5 )  i n  I I . 6 .1  
above,
(2) t h e r e  was no l o s s  o f  t r a c e r  from t h e  d e p o s i t - f a c e  by e v a p o r a t i o n  
o r  s u r f a c e  d i f f u s i o n  d u r i n g  a n n e a l i n g ,
(3) t h e  a b s o r p t i o n  o f  t h e  r a d i a t i o n  i n  t h e  c r y s t a l  was e x p o n e n t i a l ,  
w i th  a b s o r p t i o n  c o - e f f i c i e n t  ;i ,
i t  may be shown (Leymonie (1960) p .5 6  from Steigman e t  a l .  (1939))  t h a t  f o r  
a un i fo rm  i n i t i a l  d e p o s i t ,
a c t i v i t y  a f t e r  a n n e a l i n g  
a c t i v i t y  b e f o r e  a n n e a l i n g exp(y Dt) e r f c  (yv/Dt) (2 . 10)
The same e q u a t io n  h o ld s  f o r  a non-un i fo rm  d e p o s i t  p ro v id ed  t h a t  t h e  
whole o r i g i n a l  a r e a  o f  t h e  d e p o s i t - f a c e  i s  counted  (Tannhauser (1956 ) ) .
The method i s  s im ple  and can be e a s i l y  used f o r  v e r y  smal l  p e n e t r a t i o n s  
when y i s  l a r g e ,  b u t  i s  o f t e n  i n a c c u r a t e ,  p r i n c i p a l l y  because  a s sum pt ion  (2) 
i s  o f t e n  n o t  s a t i s f i e d  e x p e r i m e n t a l l y .  I t  was used  h e re  m a in ly  as  a check on 
t h e  work of  L indner  (1952) .
Summary
The s o l u t i o n s  o f  F i c k ’s Law used  and t h e  c o n d i t i o n s  t h a t  must hold 
f o r  each t o  a p p l y  a r e  d e s c r i b e d .  The p r i n c i p l e  o f  t h e  s e c t i o n i n g  t e c h n iq u e  
i s  e x p l a in e d  and t h e  a n a l y s i s  r e l a t i o n s  and c o n d i t i o n s  under  which t h e y  a p p ly  
a r e  d e s c r i b e d .  The p r i n c i p l e  o f  a u t o r a d i o g r a p h y  i s  g iv e n ;  t h e  a n a l y s i s  
r e l a t i o n s  used  a r e  c a r e f u l l y  d e r i v e d ,  n o t i n g  t h e  numerous a s sum pt ions  t h a t  
a r e  made. The method o f  s u r f a c e  a c t i v i t y  i s  b r i e f l y  d e s c r i b e d .
I I . 7. SECTIONING-EXPERIMENTAL DETAILS AND PARTICULAR PROCEDURES FOR VARIOUS 
ISOTOPES
I I . 7 . 1 .  D e te rm in ing  t h e  T h ick n es s  Removed
The c r y s t a l s  were p r e p a r e d  f o r  t h e  s e c t i o n i n g  p r o c e d u r e ,  ground and 
t h e  amount removed d e t e rm in e d  w i th  a co m p ara to r ,  u s in g  t h e  methods developed 
by Harding (1967) f o r  s t u d y in g  t h e  d i f f u s i o n  o f  Ba"+ in  MgO.
The main c o m p l i c a t i o n  was t h a t  i t  was found u s in g  a n o t h e r  method o f  
m easur ing  t h e  d i s t a n c e  removed (see  below) t h a t  t h e r e  was a n o t h e r  f a c t o r
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b e s i d e s  removal  o f  m a t e r i a l  c a u s in g  changes  in  com para to r  r e a d i n g s  d u r in g  
s e c t i o n i n g .  Th i s  e s p e c i a l l y  a f f e c t e d  t h i n  s e c t i o n s .  Consequen t ly ,  a f t e r  
t h e  i n i t i a l  s e t  o f  com para to r  r e a d i n g s ,  t h e  c r y s t a l  was " g round” on g l a s s ,  
w i th o u t  u s i n g  any a b r a s i v e  m a t e r i a l ,  f o r  30 seconds  or  so.  Comparator  
r e a d i n g s  were t a k e n  a g a i n .  I f  t h e  two s e t s  d i f f e r e d  g r e a t l y ,  more " g r i n d s  
on g l a s s "  were  done,  u n t i l  th e  t r e n d  s e t t l e d  down. The s e c t i o n  was t h e n  
removed,  a l s o  g r i n d i n g  f o r  30 seconds  a t  a t i m e ,  wip ing  t h e  c r y s t a l  in  
between.  (T h is  was t o  r e p ro d u c e  as  c l o s e l y  as p o s s i b l e  t h e  c o n d i t i o n s  of  
t h e  " g r i n d s  on g l a s s "  and t o  p r e v e n t  t r a c e r  becoming lodged i n  t h e  c r y s t a l  
mount ing p l a s t i c . )
Comparator  r e a d i n g s  were t a k e n  a g a i n ,  fo l low ed  by a n o t h e r  " g r in d  
on g l a s s "  and s e t  o f  com para to r  r e a d i n g s .
When t h e  t i l t  o f  t h e  g r i n d i n g  p l a n e  was smal l  ( see  I I . 6 .2 )  and t h e  
g r i n d s  on g l a s s  d id  n o t  a l t e r  t h e  com para to r  r e a d i n g s  s i g n i f i c a n t l y ,  the  
t h i c k n e s s  removed was t a k e n  as  t h e  change  in  t h e  av e ra g e  com para to r  r e a d i n g  
d u r in g  t h e  a c t u a l  s e c t i o n .  I f  t h e  r e a d i n g s  d id  a l t e r ,  i t  was then  assumed 
t h a t  t h e  change in  av e ra g e  com para to r  r e a d i n g  p e r  u n i t  g r i n d i n g  t im e  d u r in g  
t h e  s e c t i o n  n o t  caused  by remova l  o f  m a te r i a ]  was t h e  mean o f  t h e  c o r r e s p o n d in g  
changes p roduced  by t h e  " g r i n d s  on g l a s s "  im m edia te ly  b e f o r e  and a f t e r  s e c t i o n ­
in g ,  ( see  (a)  be low ) .  T h i s  a s s um pt ion  was used  t o  c o r r e c t  t h e  com para to r  
r e a d i n g s ,  and  t h e  t h i c k n e s s  was found as  b e f o r e .
When t h e  t i l t  o f  t h e  g r i n d i n g  p l a n e  was l a r g e  ( see  I I . 6 . 2 ) ,  t h e  
sub-vo lumes were chosen  so t h a t  each had one com para to r  r e a d i n g  p o s i t i o n  
on i t s  s u r f a c e  i n  each s e t  o f  r e a d i n g s .  The t h i c k n e s s  removed from each 
sub-volume i n  a s e c t i o n  cou ld  t h e n  be found.
The j u s t i f i c a t i o n  f o r  t h e  c o r r e c t i o n  p ro c e d u re  i s  n o t  comple te  and 
com para to r  r e a d i n g s  can le ad  t o  o t h e r  s y s t e m a t i c  e r r o r s  ( see  (a) be low) .
A ls o ,  t h e  u n c e r t a i n t y  i n  t h e  t h i c k n e s s  removed by a g iven  number o f  s e c t i o n s  
w i l l  i n v o l v e  t h e  u n c e r t a i n t y  o f  a l l  p r e v i o u s  s e t s  o f  com para to r  r e a d i n g s ,  so 
t h a t  t h e  r e s u l t s  were checked  and a d j u s t e d  where n e c e s s a r y  by comparing them 
w i th  t h i c k n e s s  measurements made by o t h e r  t e c h n i q u e s ,  l e s s  p r e c i s e  f o r  
i n d i v i d u a l  s e c t i o n s ,  b u t  w i th  fewer h idden  u n c e r t a i n t i e s .  (The f i r s t  
t e c h n i q u e  d i s c u s s e d  a l s o  su g g e s te d  t h e  c o r r e c t i o n  p ro c e d u re  ab o v e . )  The 
t e c h n i q u e s  were :
(a)  The edges  o f  t h e  d e p o s i t - f a c e  were sometimes ch ipped  in  g r i n d i n g  down 
t h e  s i d e - f a c e s ,  t h e s e  c h ipped  a r e a s  re m a in in g  untouched by s e c t i o n i n g .  The 
t h i c k n e s s  removed by a s e c t i o n  a t  any one p o i n t  on t h e  ground f a c e  could  
t h e n  be  found from t h e  change in  t h e  v e r t i c a l  d i s t a n c e  between t h a t  p o i n t
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and some fixed point on a chip. This vertical distance was measured by 
focusing successively with a Vickers Projection Microscope on the fixed 
point on the chip and on the point on the ground face, and reading the 
difference in level from the graduated focusing drum.
This method, unlike comparator readings, in unaffected by changes 
in the length of the piston on which the crystal was mounted etc., and, 
unlike (b) and (c) below, it can be used after each section. Accordingly, 
it was used to show that:
(1) sometimes less or more material was being removed in a section 
than the comparator indicated,
(2) this was due to a change in the thickness of the air layer between 
the bottom of the mounting plastic and the piston during grinding,
(3) the same effects were produced whether abrasive was used or not.
The correction procedure given above was accordingly used; the 
change in level per unit grinding time is not constant, but it usually 
changed regularly from one grind to the next, so that the method was 
fairly accurate.
Generally, the comparator reading cumulative section thicknesses 
were checked against those determined by focusing every few sections.
Like the comparator, this method gives false results when the 
surface is uneven; (b) now to be described was used as a supplementary 
check.
(b) The crystal was weighed before sectioning was begun, and after it 
was over. The total average thickness removed (T) is given by
T = W/Ap (2.11)
where V/ is the weight change during sectioning,
A is the area of the ground face, 
p is the density of CaO.
The main disadvantage of weighing is that any chipping destroys 
its validity.
(c) The third method of checking was to measure the total thickness of 
the crystal before and after sectioning with a micrometer screw gauge, 
the difference in readings being either the greatest or the least amount 
removed from a point on the ground face during sectioning. Generally 
other considerations will determine which alternative should be chosen; 
the main advantage of this method is that it is always applicable.
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1 1 . 7 .2 .  Ni (63) Runs: Count ing of  t h e  A c t i v i t y  and Aria l y s i s  o f  t h e  R e s u l t s
A s i l i c o n  s u r f a c e  b a r r i e r  d e t e c t o r  (Ortec Model No. BA-035-025-300) 
and a s s o c i a t e d  O r tec  e l e c t r o n i c s  were used  f o r  c o u n t in g  Ni(63)  a c t i v i t y .
The u s u a l  c o u n t in g  p ro c e d u re  ( coun t ing  s u c c e s s i v e l y  background,  s t a n d a r d ,  
c r y s t a l ,  s t a n d a r d  and th e n  background a g a i n )  was used ;  b eca u se  o f  t h e  low' 
count  r a t e s  on ly  about  2000-5000 c o u n t s  were ta k e n  f o r  t h e  c r y s t a l  a f t e r  
each s e c t i o n .
The a n a l y s i s  f o l l o w s  t h e  l i n e s  s e t  out  i n  I I . 6 . 2 .  bu t  t h e r e  a r e  
c e r t a i n  c o m p l i c a t i o n s  t h a t  were no t  g iv e n  t h e r e .
(1) The r e l a t i o n s  i n  I I . 6 . 2 .  o n ly  t a k e  i n t o  accoun t  t h e  r a d i a t i o n  
emerging from t h e  ground f a c e ,  n o t  t h e  s i d e  f a c e s .  For  v e r y  " s o f t ” 
r a d i a t i o n s  (such a s  N i (6 3 ) )  t h e  r a d i a t i o n  from t h e  s i d e  f a c e s  w i l l  
a l t e r  w i th  x^ f o l l o w i n g  ( 2 . 4 ) ,  n o t  (2 .3 )  or  ( 2 . 5 ) .  Th is  d i f f e r e n c e  
becomes im p o r t a n t  on ly  when t h e  ground f a c e  a r e a  i s  smal l  compared t o  i t s  
p e r i m e t e r ;  i n  such a c a s e ,  t h e  a p p a r e n t  D nea r  t h e  s u r f a c e  w i l l  be somewhat 
l e s s  t h a n  i t s  t r u e  v a l u e .  A p p r o p r i a t e  c o r r e c t i o n s  were a p p l i e d  when n e c e s s a r y .
(2) In g e n e r a l ,  a b s o r p t i o n  had t o  be t a k e n  e x p l i c i t l y  i n t o  a c c o u n t ,  so 
t h a t  t h e  g e n e r a l  r e l a t i o n  (2 .3 )  r e q u i r i n g  a knowledge o f  y^ and 8A(x^) /3x^  
was used .  The a b s o r p t i o n  c o - e f f i c i e n t  was found from F ig .  5, n e g l e c t i n g  
t h e  Ni(59)  r a d i a t i o n  and assuming Ni(63) was abso rbed  e x p o n e n t i a l l y .  (These 
a p p ro x im a t io n s  make l i t t l e  d i f f e r e n c e  t o  th e  r e s u l t s . )  3A(x ) / 3 x  was 
c a l c u l a t e d  by Gupta and W e i r i c k ’s method (1967);  t h i s  i s  a p p ro x im a te ,  bu t  
was a c c u r a t e  t o  1% under  t h e  c o n d i t i o n s  used  when t h e  s o l u t i o n  o f  F i c k ' s  Law 
s a t i s f y i n g  ( l ) - ( 5 )  o f  I I . 6 . 1 .  a p p l i e d .
For v/1lt>20ym, t h e  s im ple  a n a l y s i s  r e l a t i o n  f o r  l a r g e  y^ cou ld  be 
used w i th  an e r r o r  o f  l e s s  t h a n  4% (Harding (1970 ) ) .
G e n e r a l l y  t h e  a n a l y s i s  r e l a t i o n  f o r  t h e  s o l u t i o n  s a t i s f y i n g  ( l ) - ( 5 ) *  
was t r i e d  f i r s t ;  i f  i t  appea red  r e a s o n a b l e  g r a p h i c a l l y ,  D was found from 
t h e  s lo p e  o f  t h e  l e a s t  s q u a r e s  f i t  o f  lnA(x^) or  l n ( A ( x ^ ) - ( 1 / y  ) (3 A (x ^ ) /3 x ^ ) ) 
v s .  x^ to  a s t r a i g h t  l i n e .  I f  t h e  graph  showed d e v i a t i o n  from t h e  expec ted  
form, t h e  r e l a t i o n s  from Suzuoka’ s s o l u t i o n  were u sed .  The v a r i o u s  f i t s  
were made from g ra p h s ,  n o t  by l e a s t - s q u a r e s .
1 1 . 7 .3 .  S r (90) Runs: Counting  o f  t h e  A c t i v i t y  and A n a l y s i s  o f  t h e  R e s u l t s
To av o id  having t o  count  t h e  c r y s t a l  tw ic e  a f t e r  each s e c t i o n ,  i t  
was l e f t  i n  hexane f o r  a t  l e a s t  12 h a l f - l i v e s  o f  Y(90) a f t e r  t h e  d i f f u s i o n  
a n n e a l in g  b e f o r e  s e c t i o n i n g ,  so t h a t  a l l  t h e  c r y s t a l  a c t i v i t y  coun ted  came
* o f  I I . 6 .1 .
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from the decay of ions that had diffused a s Sr (90).
Fig. 6 above shows that for vüt of the size used, the absorption of the 
Sr (90) radiation must be taken into account if all the radiation be counted; 
it is not an exponential function of distance, so that the analysis 
relations will be complex. When 0.65 mm of aluminium was placed between 
the crystal and the detector, the absorption in the crystal of radiation 
transmitted by the aluminium absorbers was negligible (see fig. 6), and so 
such absorbers were always used.
The counting procedure was similar to that for Ni(63). In some 
cases a Geiger tube (type 5HM25) and probe unit (Ekco Type N558) with 
associated Ekco electronic equipment were used to count the crystals. The 
absorbers were left in position during background counts.
In this case, the analysis relations tried first were those expected 
for v^=0 when the solution satisfying (l)-(5) (see II.6.1.) applied. In 
many cases, some of the A(x^) had to be corrected first, because of chipping 
of the crystal in various ways during or before grinding, or because the 
pair of crystals did not separate at the original interface after annealing.
Except for the 970°C. run, the experimental points, except for the 
last one or two, could usually be fitted to the appropriate analysis 
relation described above (see Results). Leaving out such points, D was 
determined from the slope of the least-squares fit of erfc  ^ (A(x^)/A(0)) 
vs. x^ to a straight line. The 970°C. run results were analysed using 
Suzuoka's solution.
11.7.4. Y(90) Runs: Counting of the Activity and Analysis of the Results
The counting procedure was similar to that for Sr (90). However, 
sectioning was begun immediately after annealing, and precautions were 
taken to reduce the proportion of radiation coming from the decay of ions 
that had been Sr(90) at the beginning of the annealing, since this radiation 
would interfere with the determination of the Y(90) activity profile.
Two precautions were taken:
(1) 99.5% of the Sr(90) radiation was eliminated by the aluminium 
absorbers used (see II.7.3.).
(2) The proportion of Y(90) radiation coming from the decay of ions 
that had been Sr (90) at the beginning of the annealing was limited by 
keeping the total time from the depositing to the end of sectioning the 
Y(90) part of the activity profiles to less than 60-80 hours. A balance
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had to  be s t ru c k  between th e  annea l ing  and s e c t io n in g  t imes .
Most p r o f i l e s ,  when p l o t t e d  as e r f c  1 (A(x^)/A(0)) vs.- x , showed 
two re g io n s ;  i t  would be n a t u r a l  t o  a t t r i b u t e  one to  ions  t h a t  had 
d i f fu se d  as Y(90),  th e  o the r  to  ions  t h a t  had d i f f u s e d  a t  l e a s t  p a r t  o f  
the  t ime as S r (90 ) .  Other e x p lan a t io n s  were p o s s i b l e ,  but could  be 
e l im in a t e d :
(1) The p r o f i l e  could not be due t o  r a d i a t i o n  from some o th e r  i so to p e  
and Sr (90),  because th e  i n i t i a l  h a l f - l i f e  and a b so r p t io n  c o - e f f i c i e n t  agreed 
with those  expected from Y(90).
(2) I t  could  not  be due t o  a mix ture  of S r (90) l a t t i c e  and s h o r t - c i r c u i t  
d i f f u s io n ,  p a r t l y  fo r  th e  same re a so n ,  and a l s o  because th e  d i f f u s i o n  c o ­
e f f i c i e n t  of  th e  f i r s t  r e g io n  was too  smal l .
(3) I t  could  not be due to  a mix tu re  of Y(90) l a t t i c e  and s h o r t - c i r c u i t  
d i f f u s io n ,  because th e  second reg io n  grew in  importance as t h e  t ime i n t e r v a l  
between annea l ing  and s e c t io n in g  in c reased .
The reasons  given above a l s o  show t h a t  i t  was th e  f i r s t  r e g io n  
th a t  was due to  t h e  o r i g i n a l  Y(90), t h e  second to  th e  S r (90) .  (This was 
f u r t h e r  confirmed by th e  d i f f u s i o n  c o - e f f i c i e n t  of th e  second r e g io n ,  
which agreed with t h a t  expected on t h i s  assumption . )
T he re fo re ,  t h e  second component had t o  s u b t r a c te d  from the  p r o f i l e  
to  f ind  the  Y(90) d i f f u s i o n  c o - e f f i c i e n t .  C o r rec t io n s  f o r  r a d i o - a c t i v e  
decay could not be made us ing  a s t an d a rd ,  because th e  r a t i o  o f  th e  a c t i v i t i e s  
from th e  two k inds  of r a d i a t i o n  a l t e r e d  with  x . Consequently th e  counts  
in  th e  second r e g io n  were c o r r e c t e d  t h e o r e t i c a l l y  t o  some f ix e d  t ime fo r  
the  r i s e  in  th e  c o u n t - r a t e  wi th  t ime from Y(90) coming from th e  o r i g i n a l  
S r (90) .  The r e s u l t i n g  A(x ) were e x t r a p o la t e d  back to  th e  o r i g i n  as a 
s t r a i g h t  l i n e  on th e  A(x ) v s .  x^ p l o t .  At each x^ in  the  f i r s t  r e g io n ,  
the  a c t i v i t y  c a l c u l a t e d  from t h i s  e x t r a p o l a t i o n  was c o r r e c t e d  fo r  r a d i o ­
a c t i v e  decay t o  what i t  would have been a t  th e  t ime o f  th e  count ,  and 
sub t rac ted  from th e  t o t a l  a c t i v i t y .  The Y(90) p r o f i l e  thus  obta ined  
was c o r re c t ed  fo r  decay t o  a f ix ed  t im e ,  e x t r a p o la t e d  forward using the  
e r fc  *(A(x ) /A (0) )  v s .  x^ p l o t  e t c .
A f te r  t h e  two components were r e s o lv e d ,  the  Y(90) d i f f u s i o n  co ­
e f f i c i e n t  was found from th e  s lope  of th e  l e a s t - s q u a r e s  f i t  of 
e r f c ' 1 (A(x ) /A (0)) fo r  th e  1st  component v s .  x^ to  a s t r a i g h t  l i n e .
Summary
In t h i s  s e c t i o n ,  th e  d e t a i l e d  exper imental  problems t h a t  a ro se  in
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applying the sectioning procedure described briefly in II.6.2. are given.
These were set out as follows:
(1) In distance measurements, a problem arose from the variation in the 
thickness of the air layer between the bottom of the crystal mount and the 
grinder. The way in which the comparator readings were corrected for 
this, and the methods used to check the distances obtained (for the correc­
tion is not entirely certain) are given.
(2) The minor difficulties that arose in counting and analysis of 
Ni(63) and Sr(90) profiles are discussed and the ways of overcoming them 
given.
(3) Y (90) run profiles were a sum of components due to Y (90) and Sr (90). 
The methods of keeping the magnitude of the second component within reasonable 
bounds and correcting for what remained of it when analysing the profiles are 
given.
II.8. AUTORADIOGRAPHY 
II.8.1. Brief Description of Procedure
The procedure followed closely that of Rungis (1965); only differences 
are described in detail. After the crystal pair was mounted, a face perpen­
dicular to the interface was ground to eliminate surface diffusion effects, 
ground flat, (see II.8.2), and autoradiographed (inside a bottle containing 
silica gel) .
The image was scanned with a recording microphotometer, avoiding 
the surface diffusion influenced regions within 20JÜt of the ends. Because 
the chart pen point was irregular, the middle of the pen trace was further 
from the interface than it should have been on the side of the image scanned 
first, and closer on the other side. To average this out, alternate scans 
were started on opposite sides of the image. Scans of six different regions 
were usually made for each crystal pair. (Fig. 8 is a typical example.)
The light transmission as a function of position was found by measur­
ing the co-ordinates of points on the recorder-trace with a travelling micro­
scope. To find the photographic density, I , the amount of light that would 
have been transmitted through the area had no radiation been received from 
the crystals, was also required (Rungis). It was taken as the average of 
the amounts of light transmitted at points equally spaced in the part of 
the scan corresponding to undarkened film.
The method of analysis was determined by a certain problem, which 
will be discussed next. It need only be noted that the analysis was restricted
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to densities in the linear range of the film (see II.6.3.) and that in 
some least-squares fits the points were weighted so that regions far from 
the interface did not contribute disproportionately (James (1967)).
To convert Dt so obtained to the usual distance units, the con­
version factor from distances on the recorder chart to distances on the 
crystal was found by appropriate measurements.
11.8.2, The Problem of Grooving: Description and Effects on Procedure
When the crystal face to be autoradiographed and the adjacent face 
of the mould in which the crystals were mounted were being ground down to 
flatten them, (usually with 6ym diamond paste on glass), cracks appeared 
close to the interface, because of pressure on the cleavage planes (Harding 
(1968)). Material between the cracks and the interface broke away, leaving 
a groove usually 20-30ym wide straddling the interface. The groove could 
be reduced in width, but not eliminated, by grinding in the glove-box with 
finer grades of paste and a gentle motion, and by grinding off the surface 
diffusion affected layers so that the final face was not quite perpendicular 
to the interface.
This groove altered the resolution function and consequently the 
profile shape near the interface (see Fig. 8). Its main effects on 
procedure were:
(1) Resolution functions w applicable to most parts of a profile had 
to be obtained from the density profiles of undiffused couples with narrow 
grooves.
(2) The region in the vicinity of the groove was not analysed, because
the resolution function there could not be obtained accurately. The exact
2region to be excluded was found from a plot of ln P vs. choosing 
x^=0 roughly at the position of the interface. The slope of the curve, 
constant for large x^ , decreased as the groove was approached; all points 
closer to the interface than the beginning of the region of decreasing 
slope were excluded.
(3) The groove made the interface position very uncertain; it could lie 
anywhere between the two density maxima (Fig. 8). Thus (Dt+Dt^^) of the 
individual crystals found from (2.10) was also very uncertain.
However, the median (Dt+Dt ^ )  could be obtained accurately in the 
following way. With x^=0 at one of the density maxima, x^ vs. In P ^ )  for 
each crystal was fitted to a straight line by least-squares, taking In P(x^)
The interface between two crystals being prepared for autoradiography, 
showing the cracks that will develop into a groove (X450). See p.63.
A - The gap at the actual interface between the crystals. 
B - A cleavage crack parallel to the interface.
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as the error-free variable; the median of the two slopes was found. This 
was repeated with x ^ O  at the other density maximum. The two median slopes 
were upper and lower bounds for the median iCDt+Dt^,^) value. (Appendix 
II. This neglects the gap between the crystals; its magnitude and the 
uncertainty in it could easily be allowed for.) To minimize the difference 
between them (i.e. the uncertainty in Dt), the same number of points should 
be measured for each crystal, and the jth points measured for each should 
be the same distance from the interface (Appendix II).
Summary
A brief description of the experimental details of the procedure 
is given. The part of the profile that could be analysed, and the accuracy 
of Dt obtained, were limited by the groove which always appeared at the 
interface. The method of obtaining a more accurate average value of Dt is 
described.
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APPENDIX I
To f i n d  how c l o s e l y  t h e  g e n e r a l  s o l u t i o n  f o r  a 
un i fo rm  s o u rce  app roaches  t h e  i n s t a n t a n e o u s  
so u rc e  s o l u t i o n  a t  v e r y  long t i m e s .
S in c e  r e s u l t s  f o r  long t i m e s  a r e  r e q u i r e d ,  t h e  c r y s t a l  p a i r  can  be 
c o n s id e r e d  a s  an i n f i n i t e  medium ( i f  t h e y  s i n t e r  t o g e t h e r )  or  o t h e r w i s e  
a s  a p a i r  o f  s e m i - i n f i n i t e  media.  The r e s u l t s  a r e  t h e  same; f o r  s i m p l i c i t y ,  
t h e  i n f i n i t e  c a s e  w i l l  be assumed.
Suppose t h e  t r a c e r  o r i g i n a l l y  d e p o s i t e d  between t h e  c r y s t a l s  t a k e s  
a t ime t  t o  d i s s o l v e ,  equa l  amounts d i s s o l v i n g  in  each .  S in c e  t h e  d e p o s i t  
was u n i fo rm ,  c i s  a f u n c t i o n  o f  x and t  o n ly ;  assuming t h a t  t h e  l a y e r  o f  
t r a c e r  i s  i n f i n i t e l y  t h i n ,  and D i s  c o n s t a n t ,
c ( x , t Q) = CQe r f c  ( |x | /2>/b t o) (2 .11 )
(Rungis (1 9 6 5 ) ) .  From ( 2 . 1 1 ) ,  c ( x , t )  a t  l a t e r  t i m e s  can be d e r i v e d  from 
L a p l a c e ' s  s o l u t i o n  ( J a e g e r  (1951) ,  p . 3 6 6 ) .  Because o f  t h e  i d e a l i z a t i o n s ,  
t h e r e  i s  a d i s c o n t i n u i t y  i n  3c/3x  from (2 .11 )  a t  x=0; t h e  i d e a l i z a t i o n s  
and d i s c o n t i n u i t y  would be ex p ec ted  t o  have n e g l i g i b l e  e f f e c t  a t  l a r g e  t .  
S u b s t i t u t i n g  (2 .11)  i n t o  L a p l a c e ' s  s o l u t i o n ,  one o b t a i n s  a t  t im e  t ^  a f t e r  
a l l  t h e  t r a c e r  has  d i s s o l v e d :
c ( x , t 1) =
oo
[ (M>/ff)/  (8 / n b / t  t  ~) ] / e r f c (  |x^ |/2v43to) [ e x p ( - ( x - x ^ ) " / 4 D t ^ ) ] d x 1 (2 .12)
-  OO
where M i s  t h e  t o t a l  amount o f  t r a c e r  d e p o s i t e d .  Now pu t  w=x^/2>/5 t ^ .
S u b s t i t u t i n g  t h i s  i n t o  t h e  i n t e g r a l s  from -°° t o  0 and from 0 t o  ® 
s e p a r a t e l y ,  add ing  t h e  two s u b - i n t e g r a l s  and s u b s t i t u t i n g  t h e  t o t a l  
a n n e a l in g  t ime  t = t  +t^ f o r  t ^  g i v e s :
c ( x , t )  = [ (M /2 ^ D t ) ( 1 - ( t Q/ t ) )  /2e x p ( - x 2/ ( 4 D t ( 1 - ( t Q/ t ) ) ]
m u l t i p l i e d  by
oo 1
/ e r f c  w e x p ( ( - t Q/ t )  ( 1 - ( t Q/ t ) ) *w2) c o s h [ w x ( l / / D t ) ( 1 - ( t Q/ t ) )  ^
( t o/ t ) 1/2(1 - ( t Q/ t ) ) ' 1/2] dw (2 .13)
At l a r g e  t ,  t  / t  w i l l  be s m a l l ,  so t h a t  c ( x , t )  can be o b t a in e d  s u f f i c i e n t l y  
a c c u r a t e l y  by expanding  t h e  v a r i o u s  e x p r e s s i o n s  in  (2 .13)  i n  powers o f  t  / t ,
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2
and n e g l e c t i n g  te rm s  o f  0 ( t ^ / t )  .
C a r ry in g  ou t  t h e  exp an s io n s  and s u b s t i t u t i n g  i n  (2 .13)  g i v e s :
c ( x , t )  = e x p ( - x 2/4Dt)  [M/2v/nUF] [ l + ( t  / t )  ( 1 /6 -  ( l / 1 2 ) x 2/D t)  +0( t Q/ t ) 2] (2 .14)
The f i r s t  te rm  i s  t h e  i n s t a n t a n e o u s  s o u rce  s o l u t i o n ,  used  i n  a l l  t h e
a n a l y s e s .  The ru n s  f o r  which t h e  amount d e p o s i t e d  was l i m i t e d  by how
c l o s e l y  (2 .14 )  approached  t h e  i n s t a n t a n e o u s  so u rc e  s o l u t i o n  were a n a ly s e d
u s in g  (2 .5 )  or  ( 2 . 1 0 ) ,  so t h a t  a s  f a r  a s  t h e  c a l c u l a t i o n  o f  D i s  conce rned ,
2
t h e  im p o r ta n t  q u a n t i t y  i s  3 ln c /3 x  . From ( 2 .1 4 ) ,
3I n c / 3 x 2 = - ( l / 4 D t )  ( l + ( l / 3 )  ( t o/ t ) ) + 0 ( t Q/ t ) 2 (2 .15)
Thus i n  t h e  f i r s t  a p p r o x im a t i o n ,  t h e  form o f  t h e  a n a l y s i s  r e l a t i o n  
rem a ins  unchanged,  b u t  when i t  i s  u sed  t o  d e r i v e  D from t h e  fo rm ulae  
a p p r o p r i a t e  t o  t h e  i n s t a n t a n e o u s  s o u rc e  s o l u t i o n ,  th e  answer o b t a in e d  w i l l  
be i n c o r r e c t .  However, f o r  p r a c t i c a l  p u r p o s e s ,  i t  i s  s u f f i c i e n t  i f  D 
c a l c u l a t e d  u s i n g  (2 .5 )  or  (2 .10 )  l i e s  w i t h i n  1% o f  t h e  c o r r e c t  r e s u l t ;
(2 .15)  shows t h a t  t h i s  r e q u i r e s  t h a t  t h e  t r a c e r  d e p o s i t e d  must a l l  d i s s o l v e  
i n  t h e  f i r s t  3% of  t h e  a n n e a l i n g  t im e .
A fo rm u la  f o r  D i n  t h e  same s i t u a t i o n  was g iven  by Smith and Barr  
(1970) ;  when expanded in  powers o f  t  / t ,  t h e  e q u i v a l e n t  o f  (2 .15)  was 
o b t a i n e d .  However, i t  d i d  n o t  g iv e  t h e  r e s u l t  expec ted  from (2 .13)  when 
expanded i n  powers o f  t  / t ^ .  Presumably  t h e i r  fo rmula  was n o t  e q u i v a l e n t  
t o  a t r u n c a t e d  p o w e r - s e r i e s  expans ion  o f  t h e  ex ac t  r e s u l t ;  i t  was o b ta in e d  
pe rh ap s  by some t r i g o n o m e t r i c  a p p ro x im a t io n .
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APPENDIX I I
The J u s t i f i c a t i o n  o f  t h e  A u to ra d io g ra p h y  A n a ly s i s  P rocedure
Suppose i n i t i a l l y  x9=0 i s  t a k e n  on one s i d e  o f  t h e  t r u e  i n t e r f a c e
be tween t h e  c r y s t a l s ,  and,  w i th o u t  l o s s  o f  g e n e r a l i t y ,  t h a t  t h e  median 
2
o f  d x 2/ d l n P ( x2) f o r  two p o i n t s ,  one on t h e  p r o f i l e  o f  each c r y s t a l ,  i s  
g r e a t e r  t h a n  t h e  median o f  4(Dt+Dte ^^) f o r  t h e  c r y s t a l s  ( 4 [Dt+Dt ) .
(1) I t  w i l l  f i r s t  be shown t h a t ,  under  c e r t a i n  c o n d i t i o n s ,  t h e  same
i n e q u a l i t y  w i l l  ho ld  f o r  t h e  median o f  t h e  s l o p e s  o f  t h e  l e a s t - s q u a r e s  
2f i t s  o f  x^ v s .  lnPCx^) t o  s t r a i g h t  l i n e s  f o r  t h e  2 c r y s t a l s ,  t h e  s l o p e -  
median f o r  t h i s  *2=0 .
I t  may be shown t h a t  t h e  same i n e q u a l i t y  w i l l  ho ld  f o r  any p a i r  o f
p o i n t s  chosen  as  above ,  p ro v id ed  t h a t  t h e  p o i n t  on p r o f i l e  A, say ,  i s
n ev e r  c l o s e r  t o  t h e  i n t e r f a c e  (measured i n  u n i t s  o f  t h e  a p p r o p r i a t e  /Dtf) t h a n
2
t h e  p o i n t  on p r o f i l e  B. I f  a weigh ted  av e ra g e  o f  dx 2/ d l n  P ( x 2) f ° r  
p o i n t s  so chosen  on each d e n s i t y  p r o f i l e  be t a k e n ,  t h e  median o f  t h e  weighed 
a v e r a g e s  w i l l  be g r e a t e r  t h a n  4(Dt+Dte ^^) (d e f .  a b o v e ) ,  p ro v id e d  c o r r e s p o n d ­
ing  p o i n t s  a r e  weigh ted  s i m i l a r l y .  Taking such a w eigh ted  av e ra g e  i s  
e q u i v a l e n t  t o  t a k i n g  t h e  s lo p e  o f  t h e  l e a s t - s q u a r e s  f i t  o f  t h e s e  p o i n t s  t o  
a  s t r a i g h t  l i n e ,  w i th  l n P ( x2) a s  t h e  e r r o r - f r e e  v a r i a b l e  Q.E.D.
(2) Now t h e  r e q u i r e d  r e s u l t  can be o b t a i n e d .  I f  X2=0 i s  now t a k e n  on
t h e  o t h e r  s i d e  o f  t h e  i n t e r f a c e ,  i t  may e a s i l y  be shown t h a t  t h e  median o f
2 ---------------
dx2/ d l n P ( x2) f o r  t h e  o r i g i n a l  two p o i n t s  w i l l  be l e s s  t h a n  4(Dt+Dte^^.).
From (1) t h e  s lo p e -m ed ian  w i th  X2=0 a t  t h i s  p o s i t i o n  w i l l  i t s e l f  be l e s s
t h a n  4(Dt+Dte^ ^ ) .  . S ince  t h e  two d e n s i t y  maxima a r e  on o p p o s i t e  s i d e s  of
t h e  i n t e r f a c e ,  t h e  s lo p e -m e d ia n s  w i th  X2=0 a t  t h e i r  p o s i t i o n s  a r e  bounds
f o r  4(Dt+Dte ^ ^ ) .
(3) When t h e  p o i n t s  o f  each p a i r  a r e  t h e  same d i s t a n c e  from t h e  t r u e  
i n t e r f a c e  ( i n  t e rm s  o f  /Dtf) , t h e  median o f  t h e i r  dx2/ d l n P ( x2) v a l u e s  w i l l  
always equa l  t h e  a c t u a l  4(Dt+Dte^_^), so w hateve r  p o i n t  i s  t a k e n  a s  x ?=0, 
t h e  median o f  t h e  s l o p e s  w i l l  always equa l  t h e  a c t u a l  4 ( D t + D t ^ ^ ) . Thus i n  
t h i s  ca se  no u n c e r t a i n t y  a t  a l l  would a r i s e  from t h e  u n c e r t a i n t y  i n  t h e  
p o s i t i o n  o f  X2=0 , so t h a t  one should  t r y  t o  a c h i e v e  t h i s  s i t u a t i o n  (see
I I . 8 . 3 . ) .
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Additional
1. P.51:
Note
J. Mimkes and M. Wuttig (J. App]. Fhys. 4_1_, 5205 (1970)), 
who have investigated the model.of short-circuit paths described 
here, point out that Suzuoka’s solution is only exact when the 
proportion of diffusant in the short-circuit paths is vanishingly 
small. However, it may be shown that this does not greatly affect 
the values of the parameters calculated in this work. The values 
of D^6/D for Ni^+ diffusion in MgO (B.J. Wuensch and T. Vasilos,
Li
J. Am. Cer. Soc. 47, 68 (1964)) calculated from Suzuoka's 
solution and the exact one differ by only 20%; in the work 
described here, the proportion of diffusant in the short-circuit 
paths is smaller than in Wuensch et al.'s work, so that the 
error in D^6/D will be considerably smaller than 20%.Li
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CHAPTER I I I  
RESULTS
I I  1 .1 .  DISCUSSION AND ESTIMATION OF UNCERTAINTIES
1 1 1 . 1 .1 .  Tem pera tu re  Measurements
Four f a c t o r s  make up t h e  u n c e r t a i n t y :
(1) The u n c e r t a i n t y  in  r e a d i n g  t h e  t e m p e r a t u r e  (0.1C? f o r  a the rm o­
c o u p l e ,  2C° f o r  an o p t i c a l  p y r o m e t e r ) .
(2) The u n c e r t a i n t y  a r i s i n g  b ecause  t h e  av e ra g e  t e m p e r a t u r e  was 
o b ta in e d  from r e a d i n g s  a t  i s o l a t e d  i n s t a n t s .  I f  t h e r e  were no v i o l e n t  
t e m p e r a t u r e  changes ,  t h e  average  t e m p e r a t u r e  between two r e a d i n g s  was t a k e n  
as  t h e i r  median;  t h e  u n c e r t a i n t y  from lo n g - t e rm  d r i f t  was assumed t o  be h a l f  
t h e  d i f f e r e n c e  between them. An e x t r a  u n c e r t a i n t y  from s h o r t - t e r m  f l u c t u a ­
t i o n s  was added based  on o b s e r v a t i o n  and v a r y in g  wi th  t h e  f u r n a c e  and t h e  
t im e  i n t e r v a l .  The u n c e r t a i n t y  f o r  t h e  whole ru n  ( u s u a l l y  0 .5-2C?)  was t h e  
av e ra g e  o f  t h e s e .
(3) The u n c e r t a i n t y  a r i s i n g  in  t h e  c o r r e c t i o n  f o r  t h e  t e m p e r a t u r e  
d i f f e r e n c e  between t h e  s e n s o r  p o s i t i o n  and t h e  d i f f u s i o n  i n t e r f a c e .  Th is  
was a sum o f  t e rm s  from t h e  u n c e r t a i n t y  i n  measur ing  t h e  t e m p e r a t u r e  g r a d i e n t  
and t h e  u n c e r t a i n t y  i n  t h e  p o s i t i o n s  o f  t h e  s e n s o r  and t h e  i n t e r f a c e .  I t  was 
n o t  i n c lu d e d  f o r  r u n s  i n  vacuo.
(4) The u n c e r t a i n t y  in  th e  c o r r e c t i o n  o f  t h e  t e m p e r a t u r e  t o  t h e  I n t e r ­
n a t i o n a l  S c a l e .  T h i s  was t a k e n  a s  t h e  c a l i b r a t i o n  u n c e r t a i n t y  f o r  c a l i b r a t e d  
t h e rm o c o u p le s ,  o r  t h e  m a n u f a c t u r e r ' s  t o l e r a n c e  l i m i t s  o th e rw i s e  (±3C° f o r  
P t-P tlORh c o u p l e s ,  ±4C? f o r  Pt5Rh-Pt20Rh c o u p l e s ,  ±14C” f o r  t h e  xH r an g e
o f  t h e  p y r o m e t e r ) .
The sum o f  t h e s e  u n c e r t a i n t i e s  a p p e a r s  i n  T ab le s  IV-VI. The 
co n f id e n c e  l i m i t s  t h a t  ( 1 ) ,  (2) and (4) co r re s p o n d  t o  a r e  h igh ;  t h a t  f o r  
(3) may n o t  b e ,  and i t  was r a i s e d  1/2-1C? t o  t r y  and a l lo w  f o r  t h i s .
1 1 1 . 1 .2 .  Annea l ing  Time Measureme n t s
The main u n c e r t a i n t y  came from warm-up c o r r e c t i o n s ;  i t  i s  i n d i c a t e d  
i n  T ab le s  IV-VI by t h e  number o f  s i g n i f i c a n t  f i g u r e s  g ive n .
1 1 1 . 1 .3 .  D i f f u s i o n  C o - e f f i c i e n t s :  S e c t i o n i n g
To o b t a i n  an upper  bound on t h e  u n c e r t a i n t y  in  /Dt from t h e
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uncertainties in section thicknesses and count-rates, the latter were divided 
into two parts.
(1) The uncertainty in the total thickness of the part of the profile 
used for analysis. This was taken from the uncertainty in this thickness 
as measured by the comparison methods (II.7.1.) where possible; otherwise 
it was assumed there were no systematic errors in the comparator readings
and the uncertainty was taken as iO^TiTym, where n was the number of sections. 
(Large systematic errors can be detected, as they will affect the form of 
the profile.) The proportional uncertainty in /bt from this cause is the 
same as that in total thickness (usually 5-20%).
(2) The random uncertainties in the count-rates (and section thicknesses). 
Uncertainty limits on the count-derived quantities used in analysis (e.g.
erfc ^(A(x )/A(0)) were found from the statistical standard deviations for 
the count-rates. The uncertainty limits on v'ÜtT (or Dt) from this cause 
were’ taken as the greatest and least v'Tjt. that could be obtained from analysis 
relation lines that passed inside the uncertainty limits of two-thirds of 
the count-derived quantities. These bounds correspond to a high confidence 
limit.; they were usually similar to those obtained by adding the uncertainty 
from the 90% least-squares confidence limits and half the difference between 
the fits made taking distance and count-rate successively as the error-free 
variable. (The latter were consequently used instead when the uncertainties 
were small.)
The errors from (1) and (2) should vary randomly from one result to 
another, so the combined fractional uncertainty was taken as the square root 
of the sum of squares of the fractional uncertainties.
In particular kinds of run, other causes of uncertainty had to be 
considered.
(3) For Ni(63) and Sr (90) runs, there is a ±5% uncertainty in the
"lattice" diffusion co-efficient derived from the measured diffusion co­
efficient because of the presence of "tails" (see V.I.).
(4) The uncertainty in the corrections made to A(x ) or A(0) for chipping 
of the crystals etc. (II.7.3) was found from the uncertainties in the area 
measurements required. (The assumption of uniform diffusant concentration 
over the ground face was found by autoradiography to be correct.)
(5) The uncertainty in the thickness of the first section was taken 
into account when (2.3) or (2.5) were used.
(6) For Y(90) runs, the uncertainties in the "tail" extrapolation
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(from the uncertainties in the count-rates and functional form to be extra­
polated) must be considered.
(7) Suzuoka's solution (see 11.6.1.) is for an idealized case, and, apart 
from the lattice diffusion co-efficient, the quantities obtained from it should 
be considered as order-of-magnitude estimates.
(8) By weighing some crystals, it was shown that negligible evaporation 
occurred during annealing. Tlius this need not be considered
The uncertainties in v4)tf from these causes (except (3) which does 
not apply to measured results) were added to that from (1) and (2) to give 
the figures implied by Tables IV-VI. The confidence limit should be high.
III.1.4. Diffusion Co-efficients: Autoradiography
(1) 1^ (see II.8.1) varied from point to point; the photographic
densities were calculated from an average value I and so the value of
2 °aVD derived will be uncertain. For Dt < lOOOynf', 90% confidence limits to
I (±AI ) from the values measured were found, and bounds to Dt obtained o oav
from the values of the density at the beginning (denoted by (1)) and end
(2) of the part of the profile analysed:
n. , , Inlog (I /I).-lnlog(I /I)0
Dt calculated lnlog((J -AI )/l) -Inlog((I +A1 )/I)0  ^ * ‘0 oav oav J l b oav oav 2
(I is the amount of light transmitted through the region of the film
corresponding to the appropriate profile-region.)
(2) An uncertainty of ±4% in Dt arises from the uncertainty in converting 
distances on the chart to distances on the crystal.
(3) An uncertainty arises from the uncertainty in the position of the 
interface (see II.8.2, p.64) and the width of the gap between the crystals.
(4) Uncertainties and errors arise from errors and variations in
(l)-(3) above applied to the value of Dt^^ derived from the undiffused couple,
and the non-Gaussian character of the undiffused profile led to negligible
2uncertainties (±4, ±5ym respectively). The main uncertainties arose from:
(a) the groove between the crystals of the undiffused couples; such a
2groove could make Dt ££ up to lOym too high
(b) random variations in Dt^ .^ . between autoradiographs arising from
variations in crystal-film distance etc. To find the corresponding
uncertainty, points, one for each crystal pair, were plotted, the co-ordinates
of each being the mean Dt (Dt ) and the total spread of Dt values among thea v
scans made. As the spread from (l)-(3) is proportional to Dt , while thatav
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from this cause is constant, the intercept on the Dt^v - axis of a line 
fitted to the points gave the required uncertainty (±20ym^).
(S) Because of the presence of a second region in the analysis plots
(see III.2.1, V.1.1) the lattice diffusion co-efficient may differ by up 
to 5% from the measured diffusion co-efficient.
The uncertainty from (1) in the average (Dt + Dt^^) for all the 
scans made for a given couple will be the average uncertainty from (1) for 
a single scan divided by the square root of the number of scans (Taylor 
Manual p.8 ), since the error from this cause should vary randomly from one 
scan to the next. The resulting figure was added to the uncertainties from 
(2) , (3) and (4) to give the uncertainty for (Dt + Dt r )^ and Dt implied 
by Table. IV.
III.2. RESULTS: NICKEL
III.2.1. Large-Penetration Data
Table IV summarizes the experimental data for large-penetration 
runs in air and vacuo. The first column on the left gives the crystal type 
(see Table for the key to the symbols). The second column gives the crystal 
identification number, all runs with the same number being made with crystals 
cleaved from the same piece. The third column gives the average diffusion 
temperature on the 1968 International Scale, the uncertainty being calculated 
as described in III.1.1. The fourth column gives the annealing time; see 
III.1.2 for the uncertainty.
The fifth column gives the diffusion co-efficient. Any large- 
penetration sectioning profile could be characterized, within the limits 
of uncertainty, by a single D over the whole range of concentration analysed 
(0.01-1.0 c(0) in two cases, 0.8-1.0 c(0) for the 1600°C. run), c(0) being 
the surface concentration. This D is given in the Table. The uncertainties 
given were worked out using III.1.3; for the 1220°C. run, marked with an 
asterisk, the actual uncertainty is higher, because when it was analysed 
sectioning techniques had not yet been fully developed.
No uncertainty limits are given for diffusion co-efficients calcu­
lated from the decrease of surface activity because of the obvious systematic 
error (see below).
Deciding what D value to give for autoradiographic profiles is not 
so straightforward. Within the limits of uncertainty, all autoradiographic 
profiles of a crystal pair could be characterized by a single D over the con­
centration range 0.02-0.8 c(0). However profiles analysed to c<0.02 c (0)
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TABLE IV
Ni (63) large-penetration results
Crystal
Type
Crystal
No.
Annealing 
Time(sec)
Av.Temp.1968 
Scale (°C.)
D (cm2/sec) Meth. of 
analysis
(!) In air
OS 6 1.0668X107 989±2 1.7l0.7xl0"13 A
OS 7 7.616 xio6 1093±3 4.111.0X10"13 A
OS 7 3.717 xio6 1182+3 1.310.3xl0"12 A
OS 7 I t i t -124x10 R
OS 5 3.3163X106 1222±4 -12*3.310.6x10 S
OS 4 1.256 xio6 1288115 5.010.9X10'12 A
OS 6 1.034 xio6 139616 1.610.2xl0~11 A
NS 10 1.156 xio5 1441110 2.910.6X10"11 A
OS 5 1.109 xio5 1493110 5.210.9X10'11 A
OS 5 i t i t 5.010.8x10"11 S
OS 2 2.450 xio5 1513117 -11*7.511.3x10 A
NS 18 1.399 xio5 152418 4.410.7X10'11 A
MS 23 I f 152218 4.8+1.9X10"11 A
OS 8 3.51 xio4 160316 9.111.8xl0~11 A
OS 8 i t i i 5.4xl0~10 R
OS 8 i t i t 1.010.3X10“10 S
NS 10 3.50 xio4 160417 9.313.4x10 11 A
OS 8 1.18 xio4 170519 2.810.5xl0"10 A
(2) In vacuo
NS 10 1.25 xio4 1641127 2.511.2x10"9 A
NS 10 5.76 xio3 1850126 1.5l0.3x10"8 A
TABLE IV . (continued)
Key to abbreviations
Crystal types: OS 3N purity crystals from Spicers Ltd.
NS it it ii ii ii
MS 3N+ ” " " Muscle Shoals
Electrochemical Corp.
Methods of analysis:
A aut oradiogr aphy
S sectioning
R decrease in surface activity.
* The uncertainty in D given in the Table is too low.
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showed that the effective D begins to increase noticeably in the vicinity 
of c=0.02 c(0), reaching a value 2-10 times greater than the effective 
D .at. higher concentrations for c<0.01 c(0). The value given in the Table 
is the average diffusion co-efficient of a pair from all the autoradio­
graphic profiles in which the "tail” will have an effect on the slope of 
much less than 5% (see III.1.4). The origin of the "tails" is discussed 
in V.1.1. The uncertainties in the autoradiographic diffusion co-efficients 
were calculated using III.1.4. For the 1513°C. run, the uncertainty in 
the diffusion co-efficient, marked with an asterisk, is greater than the 
value given because the method of ensuring proper contact between film and 
crystal had not yet been worked out when this pair was analysed.
The last column of the Table gives the method of analysis; 
the key to the symbols is at the bottom of the Table.
2Fig. 8 shows an autoradiographic lnP(x2) vs. plot (with
the origin taken close to the actual interface) while Fig. 9 shows 
2lnA(x^) vs. x obtained from a sectioning analysis.
Two doubtful points of experimental technique are settled by 
the results themselves:
(i) the diffusion co-efficients obtained by sectioning and autoradio­
graphy agreed within the limits of uncertainty. Those obtained from the 
decrease in surface activity were much higher, probably because of 
surface diffusion or evaporation, and were not considered further.
(ii) Most crystals were annealed bound with platinum wire, etc. and 
the reaction between platinum and CaO that occurs above 1500°C. could 
conceivably lead to errors. However, in fact the reaction has no effect 
on the measured diffusion co-efficients; there is no significant differ­
ence between the diffusion co-efficient for the 1603°C. OS run, carried 
out with the crystals bound with wire, and that for the 1604°C. NS run, 
carried out with the crystals packed in CaO in the way described in I1.5.1.
Deductions relevant to the diffusion mechanism may be made by 
comparing diffusion co-efficients obtained for runs carried out at 
similar temperatures under otherwise different conditions:
(i) At 1600°C. and 1440°C. the diffusion co-efficients of OS and NS 
crystals agree. At about 1520°C. the OS diffusion co-efficient, differs 
by more than the uncertainty limits from the others, but the uncertainty 
limits given for the 1513°C. OS diffusion co-efficient are probably too 
small (see above). Thus the diffusion mechanism need not be extrinsic.
(ii) D in vacuo (10  ^torr) was 25±15 times that in air at 1650°C.
Ln
 
(A
(x
n)
/A
(0
))
PFig. 9. Ln (A(xn)/A(0)) vs. x j plot for a lorge-penet.
Ni(63) run.
Crystal :5-2B(0S).
Annealing Te rn p: 1493 C •
» Time :H IxI05 s.
2 3 4
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Some of the possible explanations of this are discussed in V.4.
To describe the results further, an Arrhenius plot of the diffusion 
co-efficients (Fig. 10) must be considered. First its shape will be speci­
fied by making suitable straight-line least-squares fits.
The diffusion co-efficients used for these fits were:
(a) the co-efficient available when only sectioning or autoradiography 
was used in analysis of a crystal-pair
(b) the 1603°C. OS autoradiographic diffusion co-efficient (which is 
the more accurate)
(c) the average of the diffusion co-efficients measured by the two methods 
used for the 1493°C. run.
1/T was taken as the error-free variable for the fits, since this has the 
smaller uncertainty if the variables be normalized to give a least-squares 
slope of 1. A necessary but not sufficient criterion for a satisfactory 
fit is that most of the fitted co-efficients lie within the uncertainty 
limits (including the contribution from the uncertainty in 1/T) of the 
experimental co-efficients. The magnitude of "most" depends on the confidence 
limits to which the experimental uncertainties correspond; here the uncertain­
ties correspond to about 90% confidence limits, so that "most” is about 9/10.
All 14 results for diffusion in air can be fitted "satisfactorily" 
using this criterion to a single straight line. However inspection of the 
plot suggests that the 989°C. diffusion co-efficient lies significantly 
higher than would be expected from an extrapolation of the other results; 
it therefore seems not unreasonable to omit this point. The remaining 13 
points are fitted by the formula
D = (2.9 + 2l '°2) x 10-4 exp (-2.39±. 08 eV/kT) cm2/sec
over the range 1090-1700°C. (3.2)
The least-squares straight line obtained when each point is weighted inversely
to its uncertainty squared differs from (3.2) by less than 1% in Q and 7% in
D . As such a fit tends to unbalance the contributions from different 
o
temperature regions and the difference from (3.2) is so small, (3.2) is to 
be preferred.
Now comparisons may be made with earlier work. Fig. 10 shows that 
the diffusion co-efficients agree with those of Appel (1968) despite the 
differences in technique and crystal type. This is independent evidence for 
the validity of our measurements.
Fia. 10. Ni(63) Diffusion in CaO. 
Large-penetrat ion Runs.
T (°C.)
1700 1400 1200 1000
°NS in vacuo 
- A p p e l (1868) in air
N 10
10/T(K* )
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The diffusion co-efficients of Table IV measured in air are 1-7 
times those found at corresponding temperatures by Wuensch and Vasilos 
(1960, 1962) in their investigation of Ni chemical diffusion in MgO. If, 
as might seem more appropriate, one compares co-efficients measured at the 
same fraction of the melting-point of the host lattice, one finds that over 
the range 0.48-0.69T^ (T^ being the melting point in K) D(Ni in MgO) varies 
between one half and twice D(Ni in CaO) in air. Inspection of a graph of 
the ratios vs. T^/T suggests that the variation in the ratio is due mainly 
to scatter in the experimental results, so that one can state that D(Ni in 
MgO) measured by Wuensch et al. and D(Ni in CaO) in air measured in this 
study are roughly equal for any T/T in the range specified above (see V.2 
for a comment).
Blank et al. (1969) also measured chemical diffusion co-efficients 
in NiO-MgO couples, but it seemed reasonable to place less weight on their 
results than on those of Wuensch et al:
(i) The crystals used by Blank et al. were probably less pure than 
those used by Wuensch et al., as the diffusion co-efficients measured by 
Blank et al. were higher than those given by Wuensch et al. even when the 
former were extrapolated to zero Ni concentration.
(ii) Blank et al. annealed their crystals at low temperatures only 
(1200-1400° C.).
In fact, D(Ni in CaO) in air is about 40% higher at corresponding tempera­
tures than D(Ni in MgO) measured by Blank et al. extrapolated to zero Ni 
concentration but is only about one quarter as great at corresponding T/T^.
III.2.2. Small-Penetration Data 
In order to:
(1) check that the large-penetration diffusion co-efficients were 
equilibrium values
(2) investigate "short-circuit" diffusion
two small-penetration runs were carried out using Ni(63) (because of the 
larger count-rates possible) deposited on 3N Spicers' crystals. The runs 
were carried out in air, one at 1116±3°C. (annealing time = 8.71 x lO^sec), 
the other at 1217±5°C. (annealing time = 1.36 x lO^sec). The annealed 
crystals were analysed by sectioning, autoradiographs of the active face 
being taken every few sections.
One of the 1116°C. profiles and the 1217°C. profile analysed could
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not be fitted to (2.3) within experimental error. (See Fig. 11. In drawing 
the diagram, crystal tilt was not allowed for, but this does not change the 
general picture. The upturn near the surface can be explained by the activity 
coming from the sides.) The shape of the profiles can be characterized within
experimental error by Suzuoka’s solution (II.6.1):
Temp(°C.) vt>L t (ym) 2(cm /sec) D^6 (cm3/sec) b (ym)
1116 2.91.4 9.8l2.5xl0"13 1.5xl(f 3D
L j
180
1217 1.81.4 2.411.lxlO-12 3xl0'3D
L j
20
0^5 and b are uncertain by a factor of 2 or so.
If the deviation from (2.3) be due to the presence of "short-circuit” 
paths, is the lattice diffusion co-efficient and if further the "short- 
circuit" paths be distributed as specified by Suzuoka’s model,
is the "short-circuit" diffusion co-efficient
6 measures the average effective width of the "short-circuit" paths 
and the extent of segregation of the diffusant to these paths
b is a measure of the distance between neighbouring "short- 
circuit" paths.
However at this stage the analysis using Suzuoka’s solution is purely formal 
and Dj etc. are only parameters characterizing the experimental profiles.
The origin of the deviation from (2.3) will be discussed in V.1.2.
The other 1116°C. profile could be fitted by (2.3) within the
-12 2limits of error, but the diffusion co-efficient obtained (1.4x10 cm /sec) 
was greater than would have been expected from the large-penetration measure­
ments. As far as it went, this profile had the same shape as the first 
1116°C. profile; the difference between them probably arose because this 
crystal was not sectioned as far as the first one, so that the "tail" did 
not manifest itself so clearly here.
In autoradiographs of the active face taken after a few sections, 
the photographic density was a slowly varying function of position; the 
variation could be fully explained by the non-uniformity of the initial 
deposited layer, tilting of the grinding-plane relative to the deposit-face 
and surface diffusion/evaporation (see III.2.3). When the "tail" was reached 
a pattern of dark spots about half a mm. in diameter separated from each 
other by similarly-sized lighter areas appeared on the autoradiographs taken,
Fig. ii. Ln[a(xJ/g(0)1 vs. x„plot for a
**' mukt> * V * U » : ' * \  I  «.V*tHW ***’ I < * ÄTWTBMWa» MCc«
small penetration Ni (63) run
Crystal : 9~!A(OS)
Temp.: !2l7°Ca 
Time : 1-36 x I04 sec.
a(xn)= A(xn)~(i/p')(d ACxp] /d x n)
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t h i s  p a t t e r n  be ing  superimposed  on th e  s lower  v a r i a t i o n  o f  d e n s i t y  a l r e a d y  
m en t ioned .  As s e c t i o n i n g  was t a k e n  f u r t h e r  (1217°C. p r o f i l e )  t h e  number o f  
da rk  s p o t s  d e c r e a s e d  and th e y  became more c l e a r l y  marked o f f  from t h e i r  
s u r r o u n d i n g s ;  under  th e  microscope  t h e  most prominen t  was seen t o  c o n s i s t  
o f  a c l u s t e r  o f  7 s p o t s  each about  .05mm i n  d ia m e te r  (so t h a t ,  a l l o w in g  
f o r  r e s o l u t i o n ,  t h e  c o r r e s p o n d in g  a c t i v e  s p o t s  on t h e  c r y s t a l  must have 
been  l e s s  t h a n  . 0 2 - . 03mm in  d i a m e t e r ) .  The c r y s t a l  s u r f a c e  showed no 
p a r t i c u l a r  f e a t u r e s  a t  t h e  spo t  p o s i t i o n s  under t h e  m ic ro sco p e ,  so t h a t  
t h e y  were no t  due t o  t r a p p i n g  o f  a c t i v e  g r o u n d - o f f  m a t e r i a l  i n  d e p r e s s i o n s .
1 1 1 . 2 .3 .  S u r f a c e  D i f f u s i o n
When a un i fo rm  l a y e r  o f  t r a c e r  was d e p o s i t e d ,  a u t o r a d i o g r a p h s  t a k e n
a f t e r  a n n e a l i n g  showed a h igh  c o n c e n t r a t i o n  o f  Ni(63)  a t  t h e  c e n t r e  o f  t h e
d e p o s i t - f a c e ,  f a l l i n g  o f f  (mainly  n e a r  t h e  edges)  t o  a lmos t  n o th in g  a t  th e
edges .  I f  t h i s  be due t o  s u r f a c e  d i f f u s i o n ,  Dt can be found by scann ing
a c r o s s  a d e p o s i t - f a c e  a u t o r a d i o g r a p h  w i th  a m ic ropho tom e te r .  The a p p r o p r i a t e
t  i s  unknown; i f  i t  be assumed t o  be t h e  t ime t h a t  th e  Ni(63)  took  t o
d i s s o l v e ,  t h e  s u r f a c e  d i f f u s i o n  c o - e f f i c i e n t  a t  1116±3°C. in  a i r  i s  10 ^
2 6cm / s e c ,  i . e .  abou t  10 t im e s  t h e  volume d i f f u s i o n  c o - e f f i c i e n t  a t  t h i s  
t e m p e r a t u r e .  In view o f  t h e  assum pt ions  made, t h e  v a l u e  g iv e n  f o r  t h e  
s u r f a c e  d i f f u s i o n  c o - e f f i c i e n t  i s  on ly  an o r d e r - o f - m a g n i tu d e  e s t i m a t e ;  i t  
cou ld  be up t o  a f a c t o r  o f  10 to o  l a r g e  o r  too  s m a l l .
1 1 1 . 3. RESULTS: STRONTIUM
A l l  r u n s  were c a r r i e d  ou t  i n  a i r  and ,  excep t  f o r  one a t  1651±8°C. 
d i s c u s s e d  below,  were low -z i rcon ium  r u n s ,  i . e . ,  t h e  amount o f  t r a c e r  
d e p o s i t e d  was l i m i t e d  f o l l o w i n g  I I . 4 . 2 .  A l l  c r y s t a l s  were a n a ly se d  by 
s e c t i o n i n g .
T ab le  V summarizes t h e  low -z i rcon ium  ru n  d a t a ,  t h e  symbols hav ing  
t h e  same meanings as  i n  T ab le  IV. The u n c e r t a i n t i e s  i n  t h e  e x p e r im e n ta l  
q u a n t i t i e s  were c a l c u l a t e d  a s  p r e s c r i b e d  in  I I I .1.
The c a l c u l a t i o n  o f  d i f f u s i o n  c o - e f f i c i e n t s  from t h e  e x p e r im e n ta l  
d a t a  was n o t  s t r a i g h t f o r w a r d ,  because  t h e  a n a l y s i s  p l o t s  f o r  (2 .4 )  a lways  
showed two r e g i o n s ,  a s t r a i g h t - l i n e  s e c t i o n  be ing  fo l lo w ed  by a " t a i l "  o f  
s m a l l e r  s l o p e .  (See F ig .  12. F ig .  12 a l s o  shows a n o t h e r  d e v i a t i o n  from 
t h e  i d e a l  p l o t - s h a p e ,  v i z . ,  a f i n i t e  i n t e r c e p t  o f  t h e  s t r a i g h t - l i n e  s e c t i o n  
on t h e  x ^ - a x i s ,  b u t  t h i s  does n o t  a f f e c t  t h e  a n a l y s i s .  I t  i s  due t o  com­
p a r a t o r  e r r o r  o r  s u r f a c e  damage.)  V. 1 .1 .  shows t h a t  f o r  r u n s  above 1000°C.
A
(x
n)
/A
(0
)
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TABLE V
Sr (90) low-zirconium runs in air
Crystal
Type
Crystal
No.
Annealing 
Time(sec)
Av.Temp.1968 
Scale(°C.)
')D(cm“/sec)
NS 10 8.076X106 974±2 6.414.8X10"14
OS 20 6.878xl06 1090±3 1.U0.4X10-13
NS 18 u 1089±3 1.310.6X10'13
MS 16 2.886xl06 1224±5 6.4H.5X10"13
NS 18 it 1220±7 5.411.8xi0"13
OS 21 7.847X105 1330±5 2.510.6X10~12
NS 18 8.641X105 1434±5 7.H3.2X10'12
NS 18 it it 6.1+2.0X10"12
MS 31 4.153X105 1436±5 5.6±2.4X10~12
OS 13 1.186'xlO5 1533±7 2.711.8X10~11
OS 13 ii i i 3.0±1.4X10_11
NS 18 1.210X105 153117 2.710.5X10"11
OS 3 l.OSOxlO5 155417 4.2±1.4X10~11
NS 18 8.22 xio4 160215 4.410.9X10 11
NS 18 I! it 3.410.4X10'11
OS 27 3.35 xio4 1649113 7.214.7X10~11
MS 25 it 1651111 5.212.6X10'11
NS 10 5.10 xio4 165618 3 ^ x 10-“
NS 18 1.18 xio4 170118 1.1±0.4X10~10
MS 2 4 i f 170416 1 . 1 ± 0 . 5 X 1 0  1 0
OS 38 8.6 xio3 1743113 1.210.2X10“10
All crystals were analysed by sectioning.
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physically meaningful diffusion co-efficients are obtained by applying (2.4) 
to the region of the plot unaffected by the "tail", and the co-efficients 
given in Table V were found in this way.
The 974±2°C. analysis plot for (2.4) showed a more prominent "tail" 
than would have been expected from higher temperature results (see V.1.1) so 
the profile was analysed using Suzuoka’s solution. The results were:
At this stage the analysis is purely formal. In V.1.2 it is shown that D
Li
probably corresponds to the diffusion co-efficients given in Table V for the 
higher temperatures, so that the value of D is given in Table V as the
Li
diffusion co-efficient for this run.
Certain doubts about the experimental technique can be resolved 
from the measured diffusion co-efficients:
(i) To find experimentally the effect of the zirconium on the measured
diffusion co-efficient of low-zirconium runs a run was carried out at
1651±8°C. (annealing time = 9.5x10 sec) using a 3N+ Spicers’ crystal on
which about 100 times the usual amount of tracer (and zirconium) had been
deposited. The analysis plot using (2.4) was a straight line in
A(x ) = O.l-l.OA(O) within the limits of error, and gave a diffusion co- 
n -11 2efficient of 9x10 cm /sec. Comparing this with the low-zirconium 
diffusion co-efficients at 1649, 1651 and 1656°C. shows that zirconium 
enhances the diffusion co-efficient of low-zirconium runs at 1650°C. by 
less than 2%.
If one assumes:
(a) the defect concentration contributed by the zirconium does not 
decrease with decreasing temperature
(b) H for Sr is similar to that deduced for Ca in 1.6.1m
the enhancement of all the low-zirconium diffusion co-efficients measured 
will be less than 10%. If the assumptions be incorrect, the enhancement 
will probably be still less. This may be seen by considering the physically 
reasonable ways in which these two assumptions can break down.
(ii) As for Ni(63) diffusion, there was no significant difference 
between diffusion co-efficients from runs where the couple had been bound 
with Pt-Rh wire and co-efficients from runs where the couple had been packed
1D 6 6x10  ^D cm'VsecLi
b lOOym.
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in CaO.
Some conclusions relevant to mechanisms etc. can be reached by 
comparing diffusion co-efficients from runs made at similar temperatures 
but differing in other ways:
(i) Unlike other Spicers' crystals, No.20, annealed at 1090±3°C. 
was heated for some hours at 1600°C. and then slowly cooled to 1100°C. 
before the deposit-surface was polished and the tracer deposited. Never­
theless the diffusion co-efficient and magnitude of the second region of the 
profile did not differ significantly from those found for crystal No.18, 
annealed at 1089±3°C., so that pre-annealing has no effect on these 
quantities.
(ii) The diffusion co-efficients do not depend significantly on Dt; 
this, together with (i), implies the co-efficients are equilibrium values.
(iii) Crystals of different types do not differ significantly in diffusion 
co-efficient (except perhaps in the vicinity of 1600°C.).
Fig. 13 shows the Arrhenius plot of diffusion co-efficients for 
low-zirconium runs. The whole plot may be characterized "satisfactorily"
(see III.2.1).by the least-squares straight line taking 1/T as the independent 
variable. However, the 974±2°C. co-efficient is considerably higher than the 
value obtained by extrapolating from higher temperatures, so it seems reasonable 
to omit this point in making the least-squares fit. The remaining 20 points 
are fitted by the equation:
D = (3.4+^ ) x  10‘4 exp (-2.58±. 08 eV/kT) cm2/sec
over the range 1090-1740°C. (3.3)
As for Ni(63), there is no advantage in weighting the points.
Strontium resembles calcium in its diffusion - influencing properties 
(such as ion size, polarizability and electronic structure) more closely 
overall than nickel or yttrium do, so the strontium diffusion co-efficients 
should provide the best point of contact between the results of this study 
and the cation self-diffusion co-efficients discussed in 1.6.1 and 1.6.2.
The detailed comparisons follow.
(1) The activation energy found in this work for the diffusion of
Sr in CaO is 1.4±0.2eV higher than that found by Gupta and Weirick (1967) 
for Ca diffusion in CaO in the temperature range 1100 to 1400°C. The 
diffusion co-efficients in the two cases are of the same order of magnitude 
at any temperature; D(Sr)/D(Ca) varies between 2(1100°C.) and 1/2(1400°C.).
Fig. 13. S r (90) Di f fus ion in C a 0  .
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(2) The a c t i v a t i o n  energy  found f o r  Sr d i f f u s i o n  in  CaO i s  about  leV 
lower ( t h e r e  i s  no t  s u f f i c i e n t  d a t a  t o  be more p r e c i s e )  t h a n  t h a t  found 
by De Keyser e t  a l .  (1969) f o r  Ca d i f f u s i o n  c o - e f f i c i e n t s  deduced from 
s i n t e r i n g  e x p e r im en t s  between 1100 and 1500°C. The d i f f u s i o n  c o - e f f i c i e n t s  
measured by De Keyser e t  a l .  were lower t h a n  D (Sr ) ,  D(Sr) /D(Ca)  v a r y i n g  
between 12(1100°C.)  and 3 (1500°C .) .
(3) The a c t i v a t i o n  energy  found f o r  Sr d i f f u s i o n  in  CaO i s  0.21±0.14eV 
lower t h a n  t h a t  g iven  by Kumar and Gupta (1969) f o r  Ca d i f f u s i o n  in  CaO
i n  1465-1760°C. ,  i . e .  t h e  two a c t i v a t i o n  e n e r g i e s  do n o t  d i f f e r  s i g n i f i c a n t l y .  
Kumar and G u p t a ' s  d i f f u s i o n  c o - e f f i c i e n t s  a r e  much lower t h a n  D (Sr) ;
D(Sr)/D(Ca) v a r i e s  between 7 and 15 in  1470-1740°C.
I I I . 4. RESULTS: YTTRIUM
A ll  r u n s  were c a r r i e d  ou t  i n  a i r ,  and,  excep t  f o r  a run  a t  1651±8°C. 
d i s c u s s e d  be low, t h e  amount o f  t r a c e r  d e p o s i t e d  on t h e  c r y s t a l s  was l i m i t e d  
a s  d e s c r i b e d  i n  I I . 4 . 2 .  A l l  c r y s t a l s  were a n a ly s e d  by s e c t i o n i n g .
T ab le  VI summarizes t h e  d a t a  f o r  low -z i rcon ium  r u n s ;  t h e  symbols 
have t h e  same meanings a s  i n  T ab le  IV and t h e  u n c e r t a i n t i e s  g iv e n  were 
c a l c u l a t e d  f o l l o w i n g  I I I . 1. The u n c e r t a i n t y  i n  t h e  1655±8°C. d i f f u s i o n  c o ­
e f f i c i e n t ,  marked w i th  an a s t e r i s k ,  i s  i n  f a c t  h i g h e r  t h a n  t h a t  g iv e n ;  an 
e x t r a  u n c e r t a i n t y ,  d i f f i c u l t  t o  e s t i m a t e  q u a n t i t a t i v e l y ,  a r i s e s  from t h e  
marked i r r e g u l a r i t y  o f  t h e  o r i g i n a l  c r y s t a l  s u r f a c e .
The d i f f u s i o n  c o - e f f i c i e n t s  were c a l c u l a t e d  u s i n g  I I . 7 . 4 .  F ig .  14 
shows a t y p i c a l  a n a l y s i s  p l o t  f o r  ( 2 . 4 ) ;  n o t e  t h e  second r e g i o n .  Most o f  
t h i s  second p lo t - co m p o n en t  i s  c e r t a i n l y  due t o  Sr (90) d i f f u s i o n  ( see  1 1 . 7 . 4 ) ,  
b u t  does  t h e  S r (90) d i f f u s i o n  mask a Y(90) " t a i l "  o f  s i m i l a r  magnitude  t o  
t h a t  found in  S r (90) a n a l y s i s  p l o t s ?  In f a c t  such a Y(90) " t a i l "  does  no t  
o c c u r ;  a n a l y s i s  p l o t s  f o r  c r y s t a l s  whose a c t i v i t y  a t  t h e  t im e  o f  c o u n t in g  
came m a in ly  from atoms t h a t  had d i f f u s e d  as  Y(90) were l i n e a r  w i t h i n  t h e  
l i m i t s  o f  e r r o r .  (The 1449°C. a n a l y s i s  p l o t  was l i n e a r  down to  
A(x ) = 0 .09  A(0) w h i l e  t h e  l a s t  A(x^) measured f o r  t h e  f i r s t  1749°C. c r y s t a l  
an a ly se d  was . 006±.012A(0) compared w i th  a v a l u e  e x t r a p o l a t e d  from e a r l i e r  
c o u n t s  o f  .002A (0 ) ) .
To i n v e s t i g a t e  t h e  e f f e c t  o f  t h e  d e p o s i t e d  z i rcon ium  on th e  d i f f u s i o n
3
c o - e f f i c i e n t s ,  a r u n  was c a r r i e d  out  a t  1651±8°C. ( a n n e a l in g  t im e  = 9 .5*10 sec)  
u s in g  a 3N+ S p i c e r s '  c r y s t a l  on which 100 t im es  t h e  u s u a l  amount o f  z i rc o n iu m  
was d e p o s i t e d .  The Y(90) d i f f u s i o n  c o - e f f i c i e n t  was 2 . 3±0.7* 10 ^  c.m"/sec; 
from t h i s  r e s u l t  one can deduce (as i n  I I I . 3 f o r  Sr (90))  t h a t  t h e  d e p o s i t e d
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Y(9Q) run.
«M M M «aim
1-5 Crystal :37A(MS)
Annealing Temp:l5!2C 
”  Time T 5x10
0-9
sec. 0a
0
0-6
OS­
es
o
0
1
10 15
Xp (,«m)
20 25
The A(xn) are not corrected for radioactive
decay.
TABLE VI
Y  ( 9 0 ) low -z i rcon ium runs  in  a i r
C r y s t a l
' T>Te
C r y s t a l
N o .
Annealing  
Time(sec)
Av.Temp.1968 
s c a l e ( ° C . )
2
D(cm / s e c ) .
MS 3 3 6 . 7 4 x l 0 4 1449±8 1 . 2 1 0 . 9X10~12
N S 13 it 1450±8 3 . 3 1 2 . 2X10~13
N S 18 1 . 5 8 x l 0 5 150717 6 . 9 1 3 . 8 x l 0 " 13
O S 3 7 1 . 5 1 x l 0 5 151218 9 . 6 1 4 . 0 x l0 ~ 13
N S 10
LOor-HX00rHrH 155518 1 . 4 1 0 . 7 x l 0 " 12
N S 10 it it 1 . 2 ± 0 . 6 x l 0 " 12
N S ' 10 1.15X105 160417 8 .4 15 .8X 19"13
N S 10 7 . 6 7 x l 0 4 165518 -11*1 .310 .5x10
N S 10 9 . 4 x l 0 3 1749110 8 . 3 i l . 8 x l 0 -12
N S 1 0 ii it 1 . 3 1 0 . 4 x l 0 -11
A l l  c r y s t a l s  were a n a ly s e d  by s e c t i o n i n g .  
*
The u n c e r t a i n t y  i n  D g iven  i n  t h e  Tab le  i s  t o o  low.
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zirconium had a negligible effect on the low-zirconium diffusion co­
efficients.
Within the limits of error the Y (90) diffusion co-efficient 
does not depend on Dt or crystal type, but the uncertainties are too 
large for this statement to be very significant.
The scatter of experimental points is too great for a represen­
tation by the form D exp (-Q/kT) to be justified (see Fig. 15). The
0 -13only significant information is that D increases from just over 10
cm* 2 3/sec at 1450°C. to 10 ^  cm2/sec at 1750°C.
There is little work on the tracer diffusion of aliovalent 
impurities in IIA oxides. Berard (1971) diffused Y(91) in MgO, finding 
an activation energy of 3.1eV; at a given temperature the rate of Y 
diffusion in MgO was 20-100 times greater than in CaO. (Possibly Berard 
was not measuring tracer diffusion.)
III.5. SUMMARY OF RESULTS
Ni (63)
(!) Large-penetration autoradiographic profiles showed "tails" for
c<0.02 c (0), but diffusion co-efficients obtained from the first part of 
the profiles agreed with those obtained by sectioning. Co-efficients 
obtained from the decrease in surface activity were about 5 times as great 
and were not further considered.
(2) Rates of diffusion in different crystals may differ significantly 
from each other near 1500°C., but not at 1440°C. or 1600°C.
(3) For large-penetration runs,
D(Ni in air) = (2.9*2*°) * 10“4 56exp (-2.39f.08 eV/kT) cm2/sec in 1090-1700°C.
D(Ni in vac.) = 10  ^to 10  ^cm2/sec in 1650-1850°C.
= 25±15D (Ni in air) at 1650°C.
(4) For a given T/T , the large-penetration Ni diffusion co-efficients 
in CaO in air are similar to D(Ni in MgO) measured by Wuensch and Vasilos 
(1960, 1962).
(5) The analysis plots of small-penetration runs (analysed by sectioning) 
for (2.3) showed two clear regions; in the second the distribution of tracer 
for a given x was not homogeneous.
-f- "1(6) D(surface diffusion) = 10 D(volume diffusion).
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Sr (90)
(1) The Zr impurity did rot affect the measured diffusion co­
efficients for low-zirconium runs.
(2) The analysis plots for (2.4) always showed ’'tails" unaffected 
(for annealing at 1090°C.) by pre-annealing at 1600°C.
(3) The rate of diffusion was the same in different crystals except 
perhaps near 1600°C.
(4) D(Sr in air) = (3.4+2*3) * 10'4 exp (-2.58±.08 eV/kT) cm2/sec 
in 1090-1740°C.
(5) Comparisons were made with D(Ca in CaO).
Y (90)
(1) The Zr impurity did not affect the measured diffusion co-efficients 
for low-zirconium runs.
(2) The analysis plots for (2.4) showed no Y (90) "tails".
D(Y in air) = 10~13 to lO"11 cm2/sec in 1450-1750°C.(3)
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CHAPTER IV
THEORETICAL CALCULATIONS
IV.1. INTRODUCTION
Theoretical calculations of defect energies for ionic solids have 
usually been carried out using a model of the crystal as an assembly of 
polarizable point charge centres of repulsive force. To calculate 
energies, one approximates the whole crystal, except for a small shell 
around the defect, as a quasi-continuum. Only the ions in this inner 
region around the defect are treated individually, the defect energy being- 
found by minimizing (implicitly or explicitly) the energy of the crystal 
with respect to the displacements and polarizations of the ions in the 
shell around the defect (Lidiard (1957)).
This model has given for the alkali halides physically reasonable 
results agreeing with experiment. Earlier calculations for the IlA oxides 
did not give even physically reasonable results. Yamashita and Kurosawa 
(1954) obtained negative values of H for all the oxides. However they 
did not calculate the lattice energy with the crystal model parameters 
used for the defect calculations (see Lidiard (1957) p.273) and they used 
poor values for the parameters so that their calculations may be faulty. 
Boswarva and Franklin (1967) found reasonable values for when only the 
nearest neighbours of the defect were included in the inner shell but when 
the inner region was extended, the Hs values became unreasonable. This is 
because when the crystal is taken as an assembly of polarizable charged 
centres of repulsive force, the static dielectric constant of the inner 
region is overestimated; since the dielectric constant of the outer region 
is correct (being taken equal to the empirical value) the error from this 
cause will increase with the size of the inner region, overwhelming any 
decrease in error resulting from the increase in the size of the inner 
region (Faux and Lidiard (1971)). More recent calculations have used better 
models for the ionic crystal (Boswarva (1972)).
In this work the original model of the crystal as an assembly of 
polarizable charged centres of repulsive force has been used, with the 
restriction of the inner region to the defect and its nearest neighbours. 
Such a model and calculation procedure have given Hs values in at least 
semi-quantitative agreement with experiment for transition metal oxides 
(Dickens et al. (1968)) and SrO(calculations made in conjunction with those
9]
described in this Chapter) and so it appears reasonable to use the method to 
find the most energetically favourable of the possible intrinsic vacancy- 
controlling factors and the charge state of certain ions When dissolved 
in CaO.
IV.2. TUB INTERIONIC POTENTIAL AND CALCULATION PROCEDURE
The repulsive forces were assumed to act only between nearest 
neighbours, and to be such that the potential of an ion in the field of 
the crystal is given by:
V(r) = -A(ze)2/r + 6Bexp(-r/p) = -A(ze)^/r + 6w(r) (4.1)
where e is the electronic charge,
z is the valency of the ion (2 in CaO),
A is the Madelung constant,
B,p are constants determined from experiment. They were found from 
the nearest-neighbour separation (r ) and compressibility (Bs) of the static 
CaO crystal at P=0 (zero pressure) by the usual equations:
dw^/dv = 0 (4.2)
d^w /dv^ = R /vL S (4.3)
where w^ is the lattice energy of CaO/ion pair, 
v is the crystal volume/ion pair.
Bc and rQ for the static and harmonic crystals are identical (Liebfried 
and Ludwig (1961), p.276). The latter quantities can be found by extrapol­
ating the measured r^ and adiabatic Bg in the vicinity of the Debye 
temperature linearly to T=0K (Liebfried and Ludwig, p.341). This will 
give values at P=1 atm., but the difference from the P=0 values should be 
small.
For CaO, r^ at 300K was taken from Wyckoff, Vol. 1, p.86 (1965).
(The temperature is given by Guillatt et al. (1970).) The expansion with
temperature was measured by Whittemore (1956) and Beals (1957). Bg and
dBs/dT from measurements in 100-230K by Hite et al. (1967) were extrapolated
to the Debye temperature by extrapolating C /(dB /dT) first, because this
P s
quantity varies slowly with temperature at these temperatures. (See Anderson 
(1966); 0^ is the specific heat at constant pressure.)
The results were 1200 +S2°S kbar
ro 0.2396±.0002nm.
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The calculations were made using the original Mott-Littleton 
equations. These are given by Dickens et: al. (1968); changes of sign 
etc. were made when necessary. All the assumptions and approximations 
discussed by Lidiard (1957) apply.
IV.3. FORMULAE FOR ENERGIES; RESULTS AND A DISCUSSION OF THEIR VALIDITY
In this Section, for each equilibrium considered, the formula for 
the energy in terms of known or calculated energies is given, followed 
by the results and a discussion of their validity. (Frenkel defects are 
not considered as calculations for halides suggest they will be unimportant.)
IV. 3.1. Schott.ky Defects
The formula for the energy may be found in the references above. 
Table VII Part 1 gives a summary of the results, together with 6, the 
displacement of the six nearest neighbours of the vacancy away from it.
The reasonable value of shows that Yamashita and Kurosawa (1954), 
who also used the original Mott-Littleton equations, obtained unreasonable 
results because of the factors discussed in IV.1. Boswarva and Franklin 
(1967) used a more accurate functional form for the potential and a more 
accurate method of obtaining Hs, so the discrepancy from their "good" 
results is not surprising.
IV.3.2. Equilibria with Oxygen in the Atmosphere
The main contribution to the enthalpy involved in these equilibria, 
both for Ca and any other impurities present, comes from the enthalpy of 
reactions of the type:
2+ 3+ 2-2X (crystal)+1/20^(gas)£2X (crystal)+0 (crystal) + cation vacancy,
where X is the appropriate species. Those considered here were Ca, Y, Ni,
Fe and Cr (the last three partly because an experimental check can be made 
in these cases).
The enthalpy of the reaction is (Dickens et al. (1968)):
H = E .-Q -Q„+2I -w -P -R -2(P„-P0)-2(Rz-R9) (4.4)1 d 1 2 3 L c v c v ^ 3  2 ' v‘ 3 2'
where is the dissociation energy of oxygen/gm.atom,
^l’^ 2 are anc* second electron affinities of atomic oxygen,
12 is the third ionization potential of X,
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w is the lattice energy of CaO/ion pair,
Li
is the polarization energy change in extracting a Ca^+ ion from
the lattice,
R is the corresponding repulsive energy change,
2+P^,R^ are the corresponding energy changes in replacing a Ca by an
X'V  ion’ . 2+ 2 +P2,R? are the corresponding energy changes in replacing a Ca by an X io
Inserting values for quantities which are the same for all X,
H (in eV) = -48.l+2I3-2(P3-P2)-2(R3~R?). (4.5)
To calculate P^ etc. it was assumed, following Dickens et al. (1968),
that w(r) for the impurity ion's interaction with its neighbours was also
2+  2-given by (4.1) with the same value of p as for Ca -0 . B was adjusted to
give the correct X^+_ or X^-0^ equilibrium distance by multiplying B for 
2+  2 -the Ca -0 interaction by exp(-(r -r )/p) where r is the ionic radius 
9 j. " ca x, ca
of Ca + and r^ is the ionic radius of X^' or X'^ T in CaO. Table VII, part 2
gives P„, R and R0 obtained for different values of r -r (Po=0 in this
approximation). Note that the r -r values for X' have nothing to do with
2+ ca Xthe adjacent values for X . Also given are the corresponding outward 
displacements of the nearest neighbours in units of r^ (^ and C^) .
Most of the transition metal radii required were obtained from 
Dickens et al. or worked out by their methods. (Trivalent radii equivalent
to the first set given by them were used.) The Cr^+ radius was taken
2+ 2+ 2+ as the median of the Ti and V radii given by them, and the Y radius
was taken as O.Ollnm more than r (since it should be about the same as
2+ ca the Sr radius).
Pg, R7 and R2 for each element were obtained by interpolating 
between the values given in Table VII and I^ was found from Dickens et al. 
or Herzberg (1944); the values of H^ given in Table VII labelled 
"calculated" were thus found.
The experimental estimates of on the right-hand side in Table VII 
were obtained by combining two pieces of information:
(1) ESR measurements in CaO, by determining the stable charge state of 
the ion at low temperatures, show that is negative for Cr, close to 0 for 
Fe, and positive for Ni (Henderson and Wertz (1968) and refs, given there).
(2) The form of (4.5) is such that the chemical similarity of Fe, Cr and 
Ni will cause the differences between their calculated H^ to be approximately
9/1
TABLE VII
Results - Theoretical Calculations
1. Schottky defects.
K
Madelung energy change 
Polarization energy change 
Repulsion " "
Energy to remove ion 
Lattice energy of CaO
All energies are in eV;
H = (20.1+20.9) -
Uncertainty from uncertainty in
Positive ion Negative
vacancy vacancy
0.056 0.060
42.1 42.1
-16.6 -15.9
- 5.4 - 5.3
20.1 20.9
units of r0
i = 5.5eV
+ 0.1 „ 
ro -0.05eV
35.5
2. Equilibria with atmospheric oxygen.
r -r (nm) ca x v P3(eV) R3(eV) %
>--------------
r -r (nm) ca x R2(eV) h
0.006 8.93 1.36 -.121 -.011 -3.40 0.017
0.030 9.94 5.53 -.163 0.025 3.63 -0.042
0.035 10.17 6.33 -.173 0.026 3.74 -0.043
0.039 10.18 6.67 -.178 0.030 4.21 -0.050
(in eV).
Calculated experimental
Cr -12 -5
Fe - 7 0
Ni - 2 5
Y -33
Ca 28 - see text
3. Equilibria between cation vacancies and water vapour.
^OH = 0.052
P0H = 4.6 eV
roh 0
H2 =
7.5 eV
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correct even if the Born model and potential used are quite wrong.
The difference between the true for Y and the calculated value 
should be roughly the same as that for these three, or less, because:
(1) When X^+ and ' do not differ much in w(r) (’'size"), the actual 
form of w(r) should make little difference to the discrepancy between 
theory and experiment.
(2) The assumption made about w(r) should hold at least as well for
Y"4 and Y^4 as for the ions of Fe, Ni and Cr.
Thus for Y should be at most about - 20 eV.
The results for Ca are very uncertain; nothing is known about the 
3+ 2-repulsive Ca -0 interaction, and, as it is not a transition metal,
(2) does not show that the w(r)-form used gives a reasonable H . If, as
3+ . i-f-might naively be expected, Ca is about the same "size” as Sc-5 in CaO 
(i.e. 0.02nm smaller than Ca^+) or larger, the calculated H exceeds 28eV.
Argument (1) used for Y should still apply, so the actual H should exceed
3+ 2+ 115-20eV. If Ca^ be much smaller than Ca , H calculated with these
1 2+assumptions is still large (20eV when the radius difference between Ca 
and Ca^+ is 0.04nm), but little can be said about its discrepancy from 
experiment. (Neither (I) nor (2) apply.)
IV.3.3. Equilibrium with Water Vapour in the Atmosphere
The main contribution to the enthalpy involved in these equilibria 
will probably come from the reaction
0 (at 0 crystal site) + F^CKgas) -* 20H (at 0 sites in crystal) + 
cation vacancy
(Eastman (1966), Petersen (1968)). No other reactions have been suggested. 
By analogy with IV.3.2., the enthalpy of this reaction is given by
= Q +Q -E,-2Q„TJ+E +E -P -R -w +2En , (4.6)X1 x2 d X0H react a cv cv L OH
is the electron affinity of OH,
Ereact enerSY of the reaction l/^C^+F^O-^OH (all gases),
E is the electrostatic energy of CaO/ion pair,
Eq^ is the energy required to replace an 0 by an OH .
Q~TI and E were taken from Hdbk. of Chem. and Phys. 47th Ed.,OH react
64 and F-130 respectively. Substituting known quantities,
2
where
pp. E-
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»2 = (-25.4 + 2t-on) cV. (4.7)
Mow is the OH ion to be approximated in the model used? Quantum
mechanical calculations show that for a free molecule of OH , the extra
negative charge relative to OH is localized near the 0-nucleus (Cade
(1967)), so that the point charge should be taken as a single charge on
the oxygen. (OH in the crystal may behave differently, but there is no
information.) The repulsive interaction will actually be a function of
angle in this model, and the dipole moment should also be considered.
However, it should be a reasonable approximation to take a spherically
symmetric repulsive potential, an average over all angles. ’'Size"
considerations (Kirklin et al. (1965), Wedding et al. (1969)) show that
2 -w(r) will be similar to that for 0
Then Eo h = Ea/2-P0H-R0H (4.S)
2 "where P is the change in polarization energy when OH replaces 0 etc. 
The results, together with defined analogously to other £, are given 
in Table VII, part 3. The true will probably be lower than that 
obtained with these approximations.
IV.4. CONCLUSIONS
(1) Y will dissolve in CaO as Y^+, not Y^f or Y^+. (Similarly, Zr 
will dissolve as Zr^+ and Ni as Ni~+.)
(2) The vacancy concentration activation enthalpies are:
(a) 2.8 eV for Schottky defects
(b) >5 eV for equilibria with oxygen (intrinsic)
(c) 2.5-7.5 eV for equilibria with water vapour
(the ranges in (b) and (c) arise from the possibility of association 
between Ca^+ and vacancies and, for (b), the large range of possible 
Ca*^ w(r))
(d) small or negative for equilibria between oxygen and tran­
sition metal impurities.
Thus (b) can be excluded under the experimental conditions, unless 
3+(see IV.3.2) Ca has very unusual properties. The others, singly or in 
combinations, could be acting.
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CHAPTER V
DISCUSSION
* V.l. DEVIATIONS FROM THE PROFILE FORM EXPECTED FOR BULK DIFFUSION: 
SHORT-CIRCUIT DIPFUSION
V.1.1. Deviations Caused by Incorrect Determination of the Profile
(a) "Tails" in Ni(63) autoradiographic profiles (III.2.1).
The existence of the "tails" must arise from the breakdown of some 
of the assumptions made in II.6.3 to derive (2.9). Assumption (8) is 
certainly incorrect in the part of the profile relevant to this discussion 
because undiffused deposit profiles, which give the general form of the 
resolution function in this part of the profile, do not obey (2.8):
2(1) At smaller the slope of the lnP(x2 ) vs. X2  curve decreases 
slowly as X2  increases (see Fig. 7).
(2) At about P(*2 ) = 0.02P(0) the slope of the lnP^^) vs. x^ curve 
decreases rapidly giving a second region at larger x2 with a Dt^^ varying 
from one profile to another but usually in the range 1000-2500ym .
The second kind of deviation can explain the observed "tails". (The 
first kind has a negligible effect on the form of diffused deposit profiles.) 
The rigour of the argument leading to this conclusion depends on the cause 
of the second region in undiffused’deposit profiles:
(1) The second region may reflect a similar second region in the 
functional relation between the relative amount of radiation received at a 
point of the film and its distance from the crystal interface. If this be 
so, the resolution function for a given diffused deposit will be practically 
the same for all points outside the groove (II.8.2) and the range of possible 
resolution functions should be represented without any systematic error by 
the range of undiffused deposit profiles. 'Therefore one can predict the 
range of possible diffused deposit profiles for a given Dt by substituting 
the various undiffused deposit profiles for w(x -X2 ) and evaluating the 
resulting integrals (see II.6.3). The calculated profiles show the following 
features:
(a) At smaller X2  (2.9) was obeyed with Dt^^ given within a few per cent 
by the average slope of the first region of the undiffused deposit analysis 
plot.
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(b) At larger , the slope of the analysis plot for (2.9) decreased to 
give a "tail" varying with the resolution function used but corresponding 
(within the limits of variation) to the "tails" of III.2.1 in magnitude 
and slope.
(2) The second region could be caused by a change at low radiation flux 
in the relation between the amount of radiation received at a point and the 
photographic density. (Such a change could be caused e.g., by more severe 
latent image fading at low radiation fluxes.) If this factor be signifi­
cant, one cannot calculate an expected diffused deposit profile as in 
(1), because:
(i) photographic density can no longer be considered as linearly 
dependent on exposure time for the purpose of making the calculation, so 
that (2.6) is incorrect,
(ii) there is insufficient data to determine the appropriate substitute 
for (2.6).
Nevertheless it is clear that the general features (a) and (b) of the 
diffused deposit profiles calculated for factor (1) will persist so that 
the experimentally observed "tails" can still be explained etc.
On these explanations of the "tails", their effect on the measured 
diffusion co-efficient may be limited in a simple way. For every analysis 
plot for (2.9) there is a point at which the slope is more negative than 
at any other point (see Fig. 8). Taking account of feature (a) of the cal­
culated plots, one sees that if the analysis be restricted to a section of 
the plot with a slope everywhere within e.g. 5% of the most negative value 
referred to above, the error in Dt + Dt^^ caused by the "tail" will be 
less than 5% also. The section of the profile analysed was chosen with 
this in mind (see III.2.1, III.1.4).
Because this type of explanation does not permit an exact matching 
of experimental and calculated diffused deposit profiles, one cannot assert 
that no other causes contribute to the observed "tails". But within the 
limitations of this study such causes cannot be isolated.
(b) "Tails" in Sr(90) profiles (III.3).
The low-zirconium run "tails" (except that for the 974°C. plot) may 
be divided into two classes:
(1) Those beginning at A(x^) >0.1 A(0); the onset of such "tails" was 
associated with cracking of the crystal or the appearance in autoradiographs
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o f  t h e  c r y s t a l  s u r f a c e  o f  a dark  s p o t  a t  a p o s i t i o n  c o r r e s p o n d in g  t o  t h a t  
o f  t h e  j o i n t  between t h e  mount and th e  p l a s t i c  o r  a v i s i b l e  d e p r e s s i o n  in  
t h e  p l a s t i c .
(2) Those b e g i n n in g  a t  A(x^) < 0.1 A(0);  th e y  appea red  w i th o u t  w arn ing ,  
though o f t e n  fo l l o w i n g  t h i c k  s e c t i o n s .  The excess  c o u n t - r a t e  over  t h a t  
expec ted  from t h e  e x t r a p o l a t i o n  o f  t h e  s t r a i g h t  l i n e  f i t t i n g  t h e  f i r s t  
part,  o f  t h e  a n a l y s i s  p l o t  was . 01 - .  02±. 005A (0) ( .04A(0) i n  one c a s e ) .
" T a i l s "  o f  c l a s s  (1) a r e  o b v io u s ly  due t o  g r o u n d - o f f  m a t e r i a l  
becoming lodged in  (a)  i n t e r s t i c e s  between t h e  mount and t h e  c r y s t a l s  o r  
d e p r e s s i o n s  i n  th e  p l a s t i c  o r  (b) c r a c k s  in  t h e  c r y s t a l  and n o t  b e in g  su b ­
s e q u e n t l y  washed o f f .  I t  i s  t h e r e f o r e  r e a s o n a b l e  t o  beg in  t h e  i n v e s t i g a ­
t i o n  o f  t a i l s  o f  c l a s s  (2) by check ing  whether  t h e y  can be e x p l a i n e d  by 
l e s s  a c t i v e  p a r t i c l e s  o f  g r o u n d - o f f  m a t e r i a l  becoming lodged i n  t r a p s  (a)
(not  c r a c k s ,  s i n c e  none was observed  in  such a c a s e ) .  The d i r e c t  way o f  
c hec k ing  t h i s  i s  t o  d e t e rm in e  t h e  mounting p l a s t i c  a c t i v i t y ;  u n f o r t u n a t e l y  
" t a i l s "  o f  t h i s  c l a s s  i n  lo w -z i rcon ium  p l o t s  were so weak t h a t  even i f  a l l  
t h e  ex ce ss  a c t i v i t y  were on t h e  p l a s t i c ,  i t  cou ld  n o t  be d e t e c t e d  i n  a 
r e a s o n a b l e  t im e  by a u t o r a d i o g r a p h y  o r  c o u n t in g  t h e  mount s e p a r a t e l y  a f t e r  
s e c t i o n i n g .
However, o t h e r  t h i n g s  b e in g  e q u a l ,  t h e  second method shou ld  be 
p r a c t i c a b l e  f o r  t h e  mount o f  t h e  h i g h - z i r c o n i u m  c r y s t a l  a n a l y s e d .  In 
f a c t ,  t h i n g s  a r e  no t  q u i t e  e q u a l ;  t h e  c o n t r i b u t i o n  t o  t h e  " t a i l "  from 
t h e  r e t e n t i o n  o f  g r o u n d - o f f  m a t e r i a l  would,  i f  a n y t h i n g ,  be s m a l l e r  f o r  
t h e  h i g h - z i r c o n i u m  p l o t  beca u se  some o f  t h e  t r a p p e d  g r o u n d - o f f  m a t e r i a l  
t h a t  would have u n d e t e c t a b l e  by a u t o r a d io g r a p h y  in  t h e  c a s e  o f  low -z i r c on ium  
c r y s t a l s  was d e t e c t e d  and removed d u r in g  s e c t i o n i n g .  N o n e t h e l e s s ,  t h e
_3
c o u n t - r a t e  o f  t h e  mount a f t e r  s e c t i o n i n g  was comple ted  was (4±0.5)  x 10 A ( 0 ) ,
which i s  o f  t h e  same o r d e r  o f  magnitude  as t h e  exce ss  c o u n t - r a t e  c a u s in g  t h e  
" t a i l s "  o f  c l a s s  (2 ) ;  a c c o r d i n g l y  r e t e n t i o n  o f  g r o u n d - o f f  m a t e r i a l  can 
c o m p le t e ly  e x p l a i n  S r (90) " t a i l s " .
I n d i r e c t  ev id e n c e  f o r  t h e  S r (90) " t a i l s "  be in g  an e x p e r i m e n t a l  a r t i f a c t  
i n c l u d e s :
(1) A genu ine  " t a i l "  caused  by one o f  t h e  f a c t o r s  l i s t e d  i n  V .1 .2  might  
be ex p e c te d  t o  change s y s t e m a t i c a l l y  w i th  a n n e a l in g  t ime  o r  t e m p e r a t u r e  o r  
p r e - a n n e a l i n g  t im e ;  such changes  were no t  obse rved .
(2) No n o n - u n i f o r m i t y  o f  d e p o s i t  was obse rved .
On t h e  o t h e r  hand,  t h i s  e x p l a n a t i o n  s u g g e s t s  a t  f i r s t  s i g h t  t h a t
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s i m i l a r  " t a i l s "  should  be observed  i n  Ni (63) and Y(90) s e c t i o n i n g  p r o f i l e s ,  
whereas in  f a c t  none were.  However one would no t  n e c e s s a r i l y  expec t  such 
" t a i l s "  in  t h e s e  c a s e s :
(1) N i (63) r a d i a t i o n  i s  so s t r o n g l y  absorbed  t h a t  any Ni(63) lodged in  
t h e  mounting p l a s t i c  would n o t  be coun ted .
(2) The Y(90) c r y s t a l s  were co m p le te ly  an a ly se d  in  a few h o u r s .  T h e r e f o re  
t h e  p l a s t i c  d id  no t  have enough t ime  to  s h r i n k  away from t h e  c r y s t a l  to  
p roduce  an i n t e r s t i c e  i n  which t r a c e r  cou ld  be t r a p p e d  nor  d i d  t h e  c r y s t a l  
b eg in  c rum bl ing  a t  t h e  edges .
I f  t h e  amount o f  m a t e r i a l  no t  removed by washing be p r o p o r t i o n a l
t o  x (which shou ld  i f  a n y t h in g  e x a g g e r a t e  t h e  amount n o t  removed a t  low
x ) t h e  e r r o r  i n  t h e  d i f f u s i o n  c o - e f f i c i e n t  o b t a in e d  from t h e  measured n
s l o p e  o f  t h e  f i r s t  r e g i o n  shou ld  n o t  exceed about  5% ( c f .  I I I . 1 .3 ,  p o i n t
( 3 )  ) .
As f o r  N i ( 6 3 ) ,  t h i s  may no t  be a comple te  e x p l a n a t i o n  o f  t h e  " t a i l " ,  
bu t  t h e r e  i s  no ev idence  f o r  o t h e r  f a c t o r s .
V . 1 . 2 .  D e v ia t i o n s  Caused by I n a d e q u a c ie s  in  t h e  A n a ly s i s  Leading t o  t h e  
Expec ted  Form o f  t h e  D i f f u s i o n  P r o f i l e
I t  i s  u n l i k e l y  t h a t  t h e  " t a i l s "  i n  s m a l l - p e n e t r a t i o n  Ni(63)  a n a l y s i s  
p l o t s  a r e  e x p e r i m e n t a l  a r t i f a c t s :
(a) L a r g e - p e n e t r a t i o n  Ni(63)  s e c t i o n i n g  p l o t s  showed no " t a i l s " .
(b) The n on -un i fo rm  a c t i v i t y  a s s o c i a t e d  w i th  t h e  second r e g i o n  i s  
d i f f i c u l t  t o  e x p l a i n  i f  t h e  l a t t e r  be a r t i f a c t u a l .
Real  d e v i a t i o n s  from (2 .3 )  o f  t h e  obse rved  ty p e  cou ld  be due t o :
(1) e v a p o r a t i o n  o f  t h e  c r y s t a l  d u r i n g  a n n e a l in g
(2) v i o l a t i o n  o f  th e  boundary  c o n d i t i o n s  a p p r o p r i a t e  t o  (2 .3 )
(3) a n e a r - s u r f a c e  d i f f u s i o n  b a r r i e r
(4) an i m p u r i t y  o f  n e g a t i v e  e f f e c t i v e  charge  d e p o s i t e d  w i th  t h e  N i(63)
(5) an i n i t i a l  excess  c o n c e n t r a t i o n  o f  d i f f u s i o n - i n f l u e n c i n g  d e f e c t s  
r educe d  more r a p i d l y  n e a r  t h e  c r y s t a l  s u r f a c e
(6) s t r u c t u r a l  d i f f e r e n c e s  between d i f f e r e n t  p a r t s  o f  t h e  c r y s t a l , 
l e a d in g  in  some way t o  c o r r e s p o n d in g  d i f f e r e n c e s  i n  d i f f u s i o n  r a t e s .
(Cf. Gupta and Weir ick (1 9 6 7 ) ) .
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Weighing crystals before and after annealing showed that (1) did 
not occur while control of the amount of tracer deposited and the crystal 
shape (see II.3.2, II.2.2) should have excluded (2). Non-uniformity of 
activity at a given (the pattern of small spots on autoradiographs of 
the crystal surface described in III.2.2) for large x must be due to (6), 
not (3)-(5). Accordingly since the observed deviation from (2.3) can be 
calculated correctly within the limits of error from the observed non­
uniformity, (6) is responsible for most of that deviation; if (3)-(5) 
were important, the "tail” would be much more prominent than indicated by 
calculation from the observed non-uniformity of activity.
The predominance of (6) together with the fact (deducible from 
autoradiographs) that the distance between neighbouring regions of faster 
diffusion is much greater than v45" t implies that the value of D calculatedL Lj
from Suzuoka's solution represents the effective diffusion co-efficient 
in the regions of slower diffusion (cf. II.6.1). Further, since
(a) D agrees within the limits of error with the large-penetration
Li
diffusion co-efficient expected at the same temperature,
(b) the relative importance of the regions of slower diffusion increases 
with D t,
Li
it is probable (any alternative being far-fetched) that it is apparent bulk 
diffusion which is dominating the regions of slower diffusion while the 
remainder of the profile exhibits "short-circuit'1 diffusion. (One can 
also use (a) and (b) as arguments for preferring (6) to (3) and (4) as 
the cause of the deviation from (2-. 3), but the argument above is more 
decisive.)
It then follows from (a) that the crystal quickly reaches a steady 
state as far as bulk diffusion is concerned even at 1100°C., so that
(i) the large-penetration Ni(63) diffusion co-efficients are equilibrium 
values
(ii) Sr(90) and Y (90) diffusion co-efficients are equilibrium values pro­
vided Sr and Y diffusion be assisted by the same types of defects as Ni 
diffusion. If they be valid, these arguments for equilibrium are more 
decisive than those of Chapter III.
The "short-circuit" paths do not have the shape or distribution 
required by Suzuoka's model (see the description of the autoradiographs in 
III.2.2) so that D^6 and b values are only useful for comparing profile
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shapes  w i th  t h o s e  found by o t h e r s .
The " t a i l "  o f  t h e  974°C. S r (90) a n a l y s i s  p l o t  i s  more p rom inen t  t h a n  
any o f  t h e  o t h e r  Sr (90) " t a i l s "  b u t  i s  not  a s s o c i a t e d  w i th  c r a c k s  i n  t h e  
c r y s t a l  e t c . ,  so t h a t  i t  may not  be an e x p e r im e n ta l  a r t i f a c t  l i k e  t h e  
o t h e r s .  The c r y s t a l  a c t i v i t y  was t o o  smal l  f o r  any d e c i s i v e  t e s t s  t o  be 
c a r r i e d  o u t .
Whatever t h e  o r i g i n  o f  t h e  " t a i l " ,  D c a l c u l a t e d  i n  I I I . 3 shou ld
Li
be t h e  b e s t  e q u i v a l e n t  a v a i l a b l e  to  t h e  d i f f u s i o n  c o - e f f i c i e n t s  measured 
a t  h i g h e r  t e m p e r a t u r e s :
(1) I f  t h e  " t a i l "  be due t o  " s h o r t - c i r c u i t "  d i f f u s i o n ,  t h e  b e s t  e q u i v a l e n t  
w i l l  be t h e  a p p a r e n t  b u lk  d i f f u s i o n  c o - e f f i c i e n t ,  which i s  D (see  I I . 6 . 1 ) .
Lj
(2) I f  t h e  " t a i l "  be due t o  a p e r s i s t e n t  exce ss  o f  d i f f u s i o n - i n f l u e n c i n g  
d e f e c t s  t h e  d i f f u s i o n  c o - e f f i c i e n t  o f  t h e  f i r s t  r e g i o n ,  equa l  t o  D w i t h i n
Lj
t h e  l i m i t s  o f  e r r o r ,  w i l l  be c l o s e r  t o  t h e  t r u e  e q u i l i b r i u m  d i f f u s i o n  co­
e f f i c i e n t  t h a n  one o b t a in e d  from any o t h e r  p a r t  o f  t h e  p r o f i l e .
(3) I f  t h e  " t a i l "  be caused  by g r o u n d - o f f  m a t e r i a l  lodged i n  t h e  mounting 
p l a s t i c ,  t h e  b e s t  e q u i v a l e n t  t o  t h e  h ig h e r  t e m p e r a t u r e  d i f f u s i o n  c o - e f f i c i e n t s  
w i l l  be t h e  c o - e f f i c i e n t  o b t a in e d  from t h e  f i r s t  p a r t  o f  t h e  p r o f i l e  a f t e r  
s u b t r a c t i n g  ou t  t h e  " t a i l "  c o n t r i b u t i o n ;  t h i s  c o - e f f i c i e n t ,  e q u a l s  D w i t h i n
Li
t h e  l i m i t s  o f  a r e a s o n a b l e  s u b t r a c t i o n .
Causes (1) and (2) o f  r e a l  " t a i l s "  can be e l i m i n a t e d  by t h e  arguments 
used f o r  N i(63)  s m a l l - p e n e t r a t i o n  r u n s ;  causes  (3) and (4) a r e  r e n d e r e d  
u n l i k e l y  by t h e  f a c t  t h a t  t h e  e f f e c t i v e  d i f f u s i o n  c o - e f f i c i e n t  o f  t h e  f i r s t  
r a t h e r  t h a n  t h e  second r e g i o n  i s  c l o s e r  t o  t h a t  o b t a in e d  by e x t r a p o l a t i n g  
from h i g h e r  t e m p e r a t u r e  r e s u l t s .
V .1 .3 .  " S h o r t - c i r c u i t "  D i f f u s i o n
The main f e a t u r e s  o f  t h e  Ni(63)  " s h o r t - c i r c u i t "  d i f f u s i o n  cau s in g  
t h e  " t a i l s "  o f  V .1 . 2 .  a r e :
(1) I t  may be c a l c u l a t e d  t h a t  t h i s  ty p e  o f  d i f f u s i o n  does  no t  c o n t r i b u t e  
to  t h e  l a r g e - p e n e t r a t i o n  d i f f u s i o n ;  i t  i s  on ly  im p o r ta n t  f o r  s h o r t  a n n e a l in g  
t i m e s .  S ince  a u t o r a d i o g r a p h s  show t h a t  Ni(63) does  no t  d i s s o l v e  p r e f e r e n ­
t i a l l y  a t  t h e  p o s i t i o n s  o f  t h e  " s h o r t - c i r c u i t "  p a t h s ,  t h e  l a t t e r  must be 
c o n f in e d  t o  t h e  n e a r - s u r f a c e  r e g i o n  o r  a n n ea l  out  q u i c k l y  o r  b o th ;  t h e r e ­
f o r e  th e y  canno t  be t h e  " p s e u d o - e q u i l i b r i u m "  network o f  l i n e  and band 
d e f e c t s  as  such .
104
(2) The enhancement of the diffusion by the "short-circuits" may be as 
low as a factor of 10 (if the "short-circuits" arc many Vm wide as the 
autoradiographs apparently indicate. However each spot could arise from 
an unresolved bundle of paths.) Thus a "pipe" mechanism of diffusion 
(see 1.3.7) need not apply.
(3) The paths seem to be at right angles to the deposit-face, i.e. 
along the direction of cleavages that would be produced by grinding 
or hydration.
The types of "short-circuit" which fit in best with these features
are:
(a) regions of rapid diffusion around "pseudo-equilibrium" sub-boundaries 
which have been modified in some way consistent with (1) e.g. by segregation 
of impurities to these defects (see 1.3.7); in such a case relatively 
small enhancements of diffusion- and wide "short-circuit" paths are to be 
expected
(b) disordered and strained regions near the surface produced by grinding 
or hydration during the crystal preparation (see V.4). This would 
immediately explain feature (3).
For either mechanism one would expect that at lower temperatures 
"short-circuit" diffusion would remain important at longer annealing times. 
Thus the same kind of "short-circuit" diffusion can explain:
(i) why the 989°C. Ni(63) co-efficient is larger than the value obtained 
by extrapolation from higher temperatures. Either the analysed part of 
the profile could be influenced by a "tail" at lower concentrations or
the path density could be high enough to give a Hart (1957)-type profile.
(ii) the "tail" of the 974°C. Sr(90) profile. (See V.1.2).
However these extensions of the role of "short-circuit" diffusion are only 
possibilities; the correct explanation of the phenomena mentioned in 
(i) and (ii) may be completely different.
D^6/D for "short-circuit" Ca diffusion in CaO (Gupta and WeirickL
(1967); see 1.6.4) is similar to that for Ni diffusion in CaO(see III.2.2); 
in view of the similarity of the systems, it is possible that the "short- 
circuit" paths involved in the two cases are of the same type ((a) or (b) 
above). However, for a given annealing time and temperature, "short- 
circuit" diffusion is much more prominent in the self-diffusion profiles.
The observed "short-circuit" diffusion in MgO is due to other types of
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paths (compare the characteristics of MgO paths as given in the 
references cited in 1.5.4 with those of the CaO paths described 
above) but D^ "6 for the MgO paths is similar to that found here, 
despite the great differences in D .
Do "short-circuit11 paths (of another type) contribute significantly 
to the apparent bulk diffusion in CaO? If they do their average density 
must exceed 10^ cm  ^at 1220°C. (for Ni diffusion) and at 1740°C. (for Y 
diffusion) following Harrison (1961). The Ni Arrhenius plot (Fig. 10) 
does not show any sign of the change in activation energy that would gener­
ally accompany the annealing out of such paths, so the density of the Ni
9 -2paths must remain about 10 cm up to 1700°C. Such a high path density 
persisting at 0.7Tm is unusual, even if the paths be ordinary dislocations, 
so that the Ni and Y apparent bulk diffusion co-efficients are probably 
true lattice diffusion co-efficients. Sr diffusion would not be expected 
to differ in this respect.
V.2. THE EFFECT OF ION SIZE ON DIFFUSION
In this section the effect of diffusing ion size on diffusion para­
meters is discussed, with a comparison between Ni and Sr diffusion in CaO 
as the starting point. Before discussing the comparisons, it is useful to 
enumerate the factors which control the difference between the activation 
energies and the ratio of pre-exponential factors for the diffusion of 
different tracers. A measured diffusion co-efficient is in general a sum 
of terms, each of the form D^exp(-Q/kT). The activation energy for each term 
will in general be the sum of the migration enthalpy, the enthalpy of binding 
of a diffusing atom to the appropriate species, the correlation factor 
enthalpy and a quantity depending only on the diffusion medium and the defect 
equilibria involved. The difference between the activation energies for the 
diffusion of different tracers in the same medium must then be due to:
(1) differences in the relative importance of different terms
(2) differences in the migration, binding and correlation enthalpies 
for each term.
The ratio of pre-exponential factors for the diffusion of different tracers 
will depend on analogous factors and on the ratio of the effective vibration 
frequencies of the tracers.
From (3.2) and (3.3) it follows that lattice (see V.1.3) diffusion of 
Ni in CaO proceeds by almost the same activation energy, within the limits of 
error, as the lattice diffusion of Sr in CaO. The size effect
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in CaO is thus different from that in MgO; the activation energies for Ni 
and Sr diffusion in MgO differ by 0.8 -  0.2eV (Wuensch and Vasilos (1962), 
Mortlock and Price (1975)) compared to 0.2 - 0.2eV in CaO, all four activation 
energies being of the same order of magnitude. Thus the answer to query (5) 
of 1.7 is that the large activation energy size effects in MgO and A1?0„ 
are not due to the properties of oxides as a group.
What does in fact determine the magnitude of the size effect? The 
equality of Ni and Sr activation energies in CaO will now be formulated in 
a way which will immediately suggest an explanation of the difference 
between size effects in MgO and CaO.
2+ 2 +Because Ni and Sr differ considerably in size and outer electron 
configuration, the local distortions produced by an impurity ion and 
accordingly the local contributions to the individual enthalpies involved 
in the total diffusion co-efficient will probably be different for ions 
of the two types. Since the total activation energies for the two ions 
are similar, either changes in some of the enthalpies in going from Ni to 
Sr must be balanced by changes in other enthalpies or in the relative 
importance of different terms in the total diffusion co-efficient, or 
changes in the local enthalpy contributions in going from Ni to Sr must be 
balanced by changes in the contributions from more distant parts of the 
lattice. The CaO lattice is able, as far as the total diffusion activation 
energy is concerned, to damp out the perturbations produced by substituting 
Sr for Ni.
Under what circumstances might the damping-out become ineffective?
Ni and Sr are not very different in size from the host cation Ca, both 
having a reasonable solubility in CaO. As the impurity to host cation 
ratio increases or decreases from the value one, the lattice distortions 
around the impurity cation will increase, so that, if anything, the damping- 
out of the perturbations should become less effective; one might expect 
that above or below critical ratios there would be large size effects.
MgO and CaO being generally similar in the appropriate respects it would 
be expected that the critical ratios would be similar also.
Mg^+ is much smaller than Ca2+, so that the impurity to host cation 
ratio for a given ion is much larger in MgO than in CaO. It is therefore 
reasonable that for the larger divalent cations such as Sr^ the impurity 
to host cation ratio exceeds the critical ratio in MgO but not in CaO so 
that in the former but not in the latter, Q(Sr) is much larger than Q(Ni).
In other words, it is suggested that the marked size effects for diffusion
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in MgO are due to Mg being near one extreme of the range of cation sizes 
found in Nature.
At this stage this is only a tentative suggestion, and many further 
tests are needed before the hypothesis can be confidently asserted. (It 
may be noted that this suggestion will explain the observed size effects 
in Al^O^ and the alkali halides also; see 1.5.2.)
The reason that the lattice damps out perturbations produced by 
changing the diffusing ion size is not clear. For a vacancy mechanism 
in a F.C.C. lattice or sub-lattice, changes in migration enthalpy will be 
opposed by changes in binding and correlation factor enthalpy (1.5.2). An 
examination of the calculations leading to this conclusion and comparisons 
with size effects in other systems suggests that it is the close-packed 
nature of the lattice which produces the damping-out.
Even if a criterion for the magnitude of activation energy size 
effects can be found that will apply to all close-packed halides, oxides 
etc., this will not imply that the size effects for individual enthalpies 
are always the same. Mullen’s model (1966) cannot be extended from alkali 
halides to CaO. It predicts that in CaO H^(Ni^+): II^(Sr^+) = 0.16 : 0.67; 
on almost any interpretation of the results this disagrees with experiment.
Three points about diffusion rate size effects may be noted:
(1) At a given fraction of the melting point, the diffusion rate of
2+ 2 2-rNi (whose radius is half the 0 radius) is the same in MgO (the Mg
2 -  2+radius being half the 0 radius) and CaO (the Ca radius being 0.7 of 
2~the 0“ radius). (See III.2.1). Now a similar relation for ions of 
corresponding cation to anion size ratio occurs in IA chlorides; the 
diffusion rate of Na+ (whose radius is half the Cl radius) is the same 
in NaCl and KC1 (the K"* radius being 0.7 of the Cl radius) at a given 
fraction of the melting point (see Fig. 3). The significance of this 
similarity is doubtful; diffusion-controlling factors in MgO and CaO 
may be quite different, and the relation cannot be generalized.
(2) D(Ni)/D(Sr) equals approximately the ratio of polarizabilities or
cubes of ionic radii. Since D(Ni)/D(Sr) may depend on differences in both
D and 0, no theoretical conclusions can be drawn from this,o x
(3) If e.g. the "short-circuit" paths of V.1.3 can be considered as
regions of more open structure in the crystal, they may repel the smaller 
Ni^+ ions. This could partly explain why for a given annealing time and 
temperature "short-circuit" diffusion is more important for Ca^+ than for
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Ni~+ (see V.1.3). It can only be a partial explanation because otherwise 
Sr~ + "short-circuit" diffusion would be more prominent than that of Ca^+.
V.3. THE EFFECT OF ION CHARGE ON DIFFUSION
Y will dissolve in CaO as Y3+ (see Chap. IV).
2+ 3+Since Sr and Y are similar in size and outer electronic structure, the 
difference between their diffusion rates should be due mainly to the 50% 
difference in ionic charge. Tables l'V-VI show that in the temperature range 
of the measurements D(Ni)/D(Sr) at a given temperature lies in the range 
2-5, whereas D(Sr)/D(Y) is 10-40, so that the 50% increase in charge in
9 + 3 +going from Sr^ to Y causes a much greater decrease in diffusion rate
9+ 2+than the. 50% increase in radius in going from Ni~ to Sr . This suggests 
that the effect of a change in the charge of a diffusing ion on the diffusion 
rate is much greater than the effect of a comparable change in the size of 
the diffusing ion. Because of the scatter of the results one cannot decide 
whether the decrease is due to a larger activation energy or a smaller 
pre-exponential factor. A larger activation energy for trivalent ion 
diffusion may be explained as follows:
(1) The negative ions which completely or partly surround a positive ion
in its equilibrium position form a "cage", an enthalpy barrier to diffusion.
They will be attracted by the extra charge on a Y^+ ion, imprisoning it
more tightly and so causing an increase in over that for an otherwise
similar divalent ion. This increase in H will lead to an increase inm
activation energy if the increase in be smaller than that in H^.
A smaller pre-exponential factor for trivalent ion diffusion may 
arise in the following ways:
(2) The entropy of binding of a trivalent ion to a vacancy will be
positive and much larger in magnitude than that of a similarly-sized 
divalent ion. If the divalent and trivalent ions diffuse by a vacancy 
mechanism, the pre-exponential factor for the trivalent ion diffusion will 
therefore be the smaller. To explain the observed D(Sr)/D(Y), (Y^+)
must be 3k; this agrees with the value found for Cr^+ in MgO, which is 
also about the same size as the host cation (Glass (1967)).
(3) Vacancies bound to aliovalent ions may not contribute to trivalent 
ion diffusion by a vacancy mechanism (1.4.1). Accordingly if at the 
annealing temperature used most of the vacancies are bound to impurities 
and Sr and Y diffuse by a vacancy mechanism a large D(Sr)/D(Y) would be 
expected.
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(4) I f  t h e  f r e q u e n c y  o f  vacancy  jumps from one a s s o c i a t e d  s i t e  to  a n o t h e r  
i s  much l e s s  t h a n  t h e  f r eq u en cy  o f  Y^+- vacancy  i n t e r c h a n g e s ,  t h e  c o r r e l a t i o n  
f a c t o r  and t h e r e f o r e  th e  d i f f u s i o n  c o - e f f i c i e n t  f o r  Y^+ d i f f u s i o n  by a 
vacancy  mechanism w i l l  be r e l a t i v e l y  smal l  (L i d i a r d  (1957),  p . 3 3 7 ) .
3+ 2+Another  e x p l a n a t i o n  o f  t h e  d i f f e r e n c e  between Y and Sr d i f f u s i o n  
r a t e s  would i n  g e n e r a l  imply changes i n  D and Q:
(5) D i v a l e n t  ions  may d i f f u s e  i n  CaO by a d i f f e r e n t  ty p e  o f  mechanism 
from t r i v a l e n t  i o n s .
(4) i s  u n l i k e l y  ( see  L i d i a r d  (1957))  bu t  t h e  o t h e r  e x p l a n a t i o n s  o f  
t h e  cha rge  e f f e c t  g iven  above a r e  e q u a l l y  p ro b a b le  i n  t h e o r y  and c o n s i s t e n t  
w i th  t h e  magnitude  o f  t h e  observed  e f f e c t .  Will  a compar ison  w i th  t h e  
t r a c e r  d i f f u s i o n  cha rge  e f f e c t  i n  r e l a t e d  compounds p e rm i t  t h e  c o r r e c t  
e x p l a n a t i o n  t o  be chosen  from among them?
(a) . In NiO Ni^+ and Cr^ d i f f u s e  by a vacancy  mechanism w i th  Q(Ni) = Q(Cr) 
w i t h i n  5% i n  t h e  e x t r i n s i c  and i n t r i n s i c  r e g i o n s ;  D(Ni) /D(Cr) i n  t h e  
e x t r i n s i c  r e g i o n  i s  o f  a s i m i l a r  magnitude t o  D(Sr)/D(Y) in  CaO in  1450-1750°C. 
(Crowe (1969) ,  S e l t z e r  (1971) and Chen e t  a l .  (1 972 ) ) .  T h e r e f o r e  (2) and 
p o s s i b l y  (3) a r e  t h e  main f a c t o r s  d e t e rm in in g  t h e  cha rge  e f f e c t  i n  NiO.
(b) D(Ca^+)/D(Y^+) i n  MgO i s  on ly  0 .3 -1  i n  1400-1700°C. (Rungis and 
M or tlock  (1966) ,  Berard  (1971))  so t h a t  p ro v id e d  b o th  s t u d i e s  were o f  t r a c e r  
d i f f u s i o n  i n  c r y s t a l s  o f  s i m i l a r  p u r i t y  (2) and (3) cannot  be c o n t r o l l i n g  
t h e  cha rge  e f f e c t  i n  MgO by th e m s e lv e s .  There i s  no r e a s o n  f o r  t h e  f a c t o r s  
c o n t r o l l i n g  t h e  charge  e f f e c t  i n  CaO and NiO t o  be t h e  same when t h e  f a c t o r s  
c o n t r o l l i n g  t h e  charge  e f f e c t  i n  MgO and NiO d i f f e r .  ( S i m i l a r  magn i tude  o f  
t h e  e f f e c t  i s  no t  s u f f i c i e n t . )  Thus ana logy  w i l l  no t  r e s o l v e  t h e  am b ig u i ty  
i n  t h e  cause  o f  t h e  ch a rg e  e f f e c t  i n  CaO; more a c c u r a t e  measurement o f  D(Y) 
and a knowledge o f  t h e  d i f f u s i o n  mechanisms f o r  d i v a l e n t  and t r i v a l e n t  io n s  
a r e  r e q u i r e d .
V.4.  THE EFFECT OF ATMOSPHERE ON DIFFUSION
The ambien t  a tm osphere  d u r in g  c r y s t a l  p r e p a r a t i o n  may a f f e c t  t h e  
s u b se q u en t  d i f f u s i o n  by t h e  h y d r a t i o n  o f  t h e  c r y s t a l  i t  p r o d u c e s .  C r y s t a l s  
p r e v i o u s l y  exposed t o  a i r  f o r  more t h a n  a few m inu tes  ( t h i s  c l a s s  i n c l u d e s  
a l l  c r y s t a l s  used  f o r  d i f f u s i o n  r u n s )  a r e  covered  by a w h i t e  l a y e r  a f t e r  a 
few moments'  h e a t i n g  above 900°C. i n  a i r  o r  vacuo.  When h e a t i n g  i s  c o n t in u e d  
t h e  o p a c i t y  s p r e a d s  th ro u g h  t h e  c r y s t a l  bu t  t e n d s  t o  d i s a p p e a r  ( s t a r t i n g  
w i th  t h e  n e a r - s u r f a c e  r e g i o n )  a t  t h e  same t ime so t h a t  c r y s t a l s  h e a t e d  i n
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air are clear and sound after a few minutes at 1600°C. or a few days at 1100°C. 
However the following classes of crystals were still slightly milky after 
annealing and tended to cleave spontaneously;
(1) crystals annealed below 1000°C.
(2) crystals used in small-penetration runs (III.2.2)
(3) crystals annealed in vacuo. (These were less sound etc. than (1) 
or (2)).
By comparing the absorption spectra or crystals of different opacity 
and soundness it was confirmed that the milkiness etc. was due to OH in 
the crystal. Now the more hydrated a crystal, the greater will be the 
damage and strain in it (see Rice 1969)) and so it would be reasonable 
for its overall diffusion co-efficient or the diffusion co-efficient in 
some parts of it to be greater also. Even after the OH be expelled, it 
could take some time for the damage to anneal out. Hydration could 
therefore partly or fully explain why:
(1) the diffusion rate below 1000°C. was significantly greater than 
would be expected from the rates at higher temperatures (III.2.1, III.3)
(2) the small-penetration profiles showed significant "short-circuit" 
tails (see also V.1.3)
(3) the diffusion co-efficient at a given temperature in vacuo was 
much higher than in air (III.2.1; see below also).
It should be emphasized that though the hydration of the crystal and its 
variation with experimental conditions is a fact, the effect of hydration 
(and therefore of the ambient atmosphere during preparation) on diffusion 
is only a possibility.
The annealing atmosphere certainly affects the diffusion rate; at 
a given temperature Ni diffuses in CaO much more rapidly in vacuo than in 
air (III.2.1). Likely explanations include the following:
(a) In vacuo over 99% of the Ni deposited on the crystal evaporated 
soon after heating began, despite the precautions described in 11.5.5. 
Therefore it is possible that Ni will only have time to dissolve at 
specially favourable sites; if these sites tend to be near regions of rapid 
diffusion the overall diffusion co-efficient of Ni in vacuo will be much 
greater than in air, where only a small fraction of the deposited tracer 
dissolves at such sites.
(b) Crystals annealed in vacuo were more hydrated than those annealed
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in air under otherwise corresponding conditions and this could increase the 
diffusion rate (see above).
(c) The actual lattice diffusion co-efficient could be enhanced in the 
rarer atmosphere; conclusions can then be drawn concerning defect concen­
tration and Ni diffusion mechanisms in 1650-1850°C. in the following way.
The factors controlling the concentration of the defects assisting 
Ni diffusion must give an atmosphere-dependent defect concentration.
Therefore if the defects be extrinsic, part of the defect-producing impurity 
must
(i) be volatile or
(ii) have a lower equilibrium oxidation state in vacuo than in air.
If the defects be intrinsic the controlling equilibria must include
(iii) an atmosphere-reaction involving anions or
(iv) an atmosphere-reaction involving cations.
(i) and (iv) are unlikely and provided that it is (ii) or (iii) which actually 
occurs the cation vacancy concentration cannot increase in going from air to 
vacuum while the concentration of cation interstitials cannot decrease.
Taken together with the enhancement of diffusion in vacuo this would imply that 
Ni diffuses by an interstitial or interstitialcy mechanism in vacuo. Since 
the diffusion rate via interstitials will, if anything, decrease with 
increasing ambient pressure while that via vacancies will increase with 
increasing ambient pressure, then even if Ni diffusion in vacuo is predominantly 
by interstitials, Ni diffusion in air need not be predominantly by 
interstitials.
If, on the contrary, all the diffusion enhancement be due to (a) and 
(b) one can deduce that the defect concentration is not controlled by an 
atmosphere-reaction. Therefore if the factors involved in (a) and (b) could 
be eliminated the comparison of co-efficients in air and vacuo would give 
definite information about the internal state of the crystal. One can 
eliminate (a) and (b) by heating crystals in air at 1400°C. for an hour 
immediately before annealing them in vacuo; most of the tracer will dissolve 
and the heating will both dehydroxylate the crystals and prevent them from 
absorbing OH during the transfer from one furnace to the other.
V.5. PROBABLE DIFFUSION MECHANISMS
In this section probable diffusion mechanisms in CaO will be discussed. 
Unlike the discussion of 1.6., this will not be limited to explanations
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proposed by previous authors. The main piece of information about defect 
concentrations etc. deducible from our diffusion data is that if
(i) Ni, Ca and Sr diffuse by a vacancy mechanism in CaO in air
(ii) the theory of 1.4 apply to this mechanism in CaO,
the vacancy concentration in air in our crystals is increasing with 
temperature in 1090-1750°C. This may be shown as follows:
under assumptions (i) and (ii) the set of diffusion co-efficients of Ni,
Sr or Ca will satisfy (1.27) with M=1 approximately in each case (1.4.1).
If the vacancy concentration were independent of temperature Q(Ca) would 
equal H for cation vacancies (1.4.4); V.2 then implies that Q(Ni) and
Q(Sr) would be approximately H also. In fact Q(Ni) and Q(Sr) above 1090°C. 
in air (2.4 and 2.6 eV respectively) were much larger than H for cation 
vacancies (1.2 eV; see 1.6.1) whence the required result follows.
This excludes region 11-111 vacancy diffusion but there remain 
many factors which could control the diffusion mechanism. To simplify 
the discussion, it will be assumed (there being no evidence to the contrary) 
that in our crystals one factor was dominant in 1090-1750°C. in air and 
only factors for which there is positive evidence will be considered.
(1) The impurity in our crystals appeared to have a net positive 
effective charge (see Table III) so that cation vacancy diffusion would 
be assisted if this charge were compensated by vacancies. If this 
extrinsic vacancy diffusion dominated the observed diffusion in air the 
vacancy concentration was probably increasing with temperature in 1090-1750°C. 
(see above); this could be brought about in the following way.
The concentration of some types of the aliovalent impurity may exceed 
their solubility limit in 1090-1750°C. (The decrease in activation energy 
below 1090°C. could then be attributed to "freezing-in” of the dissolved 
impurity. However a similar decrease found by Gupta and Weirick (1967) could 
not be due to this cause as they were observing region 11 -111 vacancy 
diffusion at higher temperatures (see 1.6.1) so that the alternative 
explanations of the decrease (V.1.3, V.4) are preferable.)
If this factor be dominant the main types of aliovalent impurity 
must be similar for the three kinds of crystals used in this study, as 
there was no systematic variation of diffusion rate with the kind of crystal. 
However since Gupta and Weirick (1967) observed ordinary extrinsic diffusion 
either the main types of aliovalent impurities in the crystals they used must
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have been  d i f f e r e n t  from t h o s e  in  our c r y s t a l s  or  t h e  s o l u t i o n  r a t e  or  
o x i d a t i o n  s t a t e  b eh a v io u r  o f  a l i o v a l e n t  im p u r i t y  must depend on a tmosphere .
E x t r i n s i c  vacancy  d i f f u s i o n  cannot  be t h e  dominant  f a c t o r  i n  a l l  
t h e  observed  d i f f u s i o n  i n  CaO:
(a) Kumar and Gupta (1969) c la imed  t h a t  t h e i r  c r y s t a l s  c o n t a i n e d  no a l i o ­
v a l e n t  i m p u r i t y  so t h e  d i f f u s i o n  t h e y  observed  must have been  i n t r i n s i c .
I f  t h e i r  d i f f u s i o n  c o - e f f i c i e n t s  were i n t r i n s i c  w h i l e  t h o s e  o f  T ab le s  
IV-VI were e x t r i n s i c  t h e  much lower d i f f u s i o n  r a t e s  t h e y  measured
(see  D(Sr) /D(Ca)  in  I I I . 3) would be im m edia te ly  e x p l a in e d ;  t h e  s i m i l a r i t y  
in  a c t i v a t i o n  energy  would th e n  be a c o i n c id e n c e .
(b) I f  t h e  l a t t i c e  d i f f u s i o n  c o - e f f i c i e n t  o f  Ni be h i g h e r  in  vacuo t h a n  
in  a i r ,  i t  must be d i f f u s i n g  by an i n t e r s t i t i a l  o r  i n t e r s t i t i a l c y  mechanism 
in  v a c u o . ( s e e  V .4 ) .  T h i s  can be r e c o n c i l e d  w i th  e x t r i n s i c  vacancy d i f f u s i o n  
i n  a i r  i f  one supposes  t h a t  t h e  av e ra g e  o x i d a t i o n  s t a t e  o f  t h e  i m p u r i t y  ions  
be reduced  i n  vacuo,  d e c r e a s i n g  t h e  c a t i o n  vacancy  c o n c e n t r a t i o n  and (v ia  
t h e  F re n k e l  d e f e c t  e q u i l i b r i u m )  i n c r e a s i n g  t h e  c o n c e n t r a t i o n  o f  c a t i o n  
i n t e r s t i t i a l s  s u f f i c i e n t l y  f o r  t h e  l a t t e r  t o  dominate Ni d i f f u s i o n .
(2) Kumar and Gupta (1969) p roposed  t h a t  S c h o t tk y  d e f e c t s  were c o n t r o l l i n g  
t h e  d i f f u s i o n  t h e y  observed  though t h e i r  measured and Q were much lower 
t h a n  would be ex p ec ted  f o r  dou b ly -ch a rg ed  S ch o t tk y  d e f e c t s  ( see  1 . 6 . 3  f o r  
t h e  compar ison  between t h e  e x p e r im e n ta l  and expec ted  Dq ; t h e  e x p e r i m e n t a l
H o f  about  3eV may be compared w i th  t h e  8eV c a l c u l a t e d  by Boswarva 
(1972 ) ) .  However t h i s  does  no t  exc lude  t h e  p o s s i b i l i t y  t h a t  a com bina t ion  
o f  t h e  S c h o t tk y  d e f e c t  e q u i l i b r i u m ,  and o t h e r  d e f e c t  e q u i l i b r i a  c o n t r o l s  
i n t r i n s i c  d i f f u s i o n  i n  CaO. CaO c r y s t a l s  quenched from 1300°C. c o n t a i n  
many c a t i o n  v a c a n c y - h o le  p a i r s  (Henderson e t  a l .  (1969))  which may t h e r e ­
f o r e  be  t h e  p redom inan t  t y p e  o f  c a t i o n  vacancy a t  h ig h  t e m p e r a t u r e s .  I f  
t h i s  were s o ,  t h e  b i n d i n g  e n t h a l p y  and e n t ro p y  o f  a p a i r  would remove t h e  
d i s c r e p a n c y  between t h e o r y  and ex p e r im e n t ,  so t h a t  t h e  S c h o t tk y  d e f e c t  
and c a t i o n  v a c a n c y - h o le  e q u i l i b r i a  t o g e t h e r  cou ld  c o n t r o l  t h e  d i f f u s i o n  
obse rved  by Kumar and Gupta.
I f  t h e s e  e q u i l i b r i a  a r e  t o  c o n t r o l  t h e  d i f f u s i o n  r a t e s  measured in  
t h i s  s tudy  a l s o ,  t h e  p r e - e x p o n e n t i a l  f a c t o r  s i z e  e f f e c t  must be l a r g e  and 
u n u s u a l .  P ro b ab ly  i f  t h i s  f a c t o r  c o n t r o l s  t h e  d i f f u s i o n  obse rved  by Kumar 
and Gupta t h e  d i f f u s i o n  c o - e f f i c i e n t s  o f  T a b le s  IV-VI measured i n  a i r  may 
be t a k e n  t o  be  c o n t r o l l e d  by f a c t o r  (1 ) .
(3) I t  has  been  p roposed  t h a t  t h e  c a t i o n  vacancy  c o n c e n t r a t i o n  in  CaO 
i s  c o n t r o l l e d  by a c o m bina t ion  o f :
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( i )  t h e  a t m o s p h e r e - r e a c t i o n
2 -
1 /2 0 2 (ga s ) = c a t i o n  vacancy  + 2 h o l e s  + 0 '  (on an ion  s i t e )
t h e  e q u i l i b r i u m  e t c .  b e in g  d e t e rm in e d  by t h e  ca lc ium  i o n s ,  n o t  by t h e  
im p u r i t y  c a t i o n s
( i i )  v a c a n c y - h o le  b in d i n g  r e a c t i o n s .
(See De Keyser e t  a l .  (1969) .  I f  t h e  e q u i l i b r i u m  o f  t h e  a tm osphere -  
r e a c t i o n  be de te rm ined  by i m p u r i t y  c a t i o n s ,  such as  Ni o r  Co, t h e  r e a c t i o n  
c o n t r o l s  e x t r i n s i c  no t  i n t r i n s i c  d i f f u s i o n  and has  been  t a k e n  i n t o  ac c o u n t  
i n  (1) above . )  The p o i n t s  in  f av o u r  o f  t h e  " i n t r i n s i c ' 1 r e a c t i o n  w i th  oxygen,  
t o g e t h e r  pe rh ap s  w i th  v a c a n c y -h o le  b i n d i n g ,  c o n t r o l l i n g  t h e  c a t i o n  d i f f u s i o n  
r a t e  i n  CaO a r e  as  f o l l o w s .
(a) I f  t h e s e  r e a c t i o n s  c o n t r o l  t h e  d i f f u s i o n  r a t e  t h e  d i f f u s i o n  c o ­
e f f i c i e n t  i n  a i r  w i l l  be 4-30 t im e s  t h a t  i n  commercial  a rgon  under  o th e r w i s e  
s i m i l a r  c o n d i t i o n s .  T h i s  i s  o f  t h e  same o rd e r  o f  magnitude a s  D(Sr i n  a i r ) /  
D(Ca in  a rgon)  i n  1450-1750°C. ( I I I . 3) so t h a t  i f  t h e s e  r e a c t i o n s
c o n t r o l  t h e  d i f f u s i o n  c o - e f f i c i e n t s  measured in  t h i s  s tu d y  t h e y  a lm os t  
c e r t a i n l y  a l s o  c o n t r o l l e d  t h o s e  measured by Kumar and Gupta (1969).  The 
s i m i l a r i t y  be tween Q(Sr in  a i r )  and Q(Ca i n  argon)  would t h e n  no t  be a 
c o i n c i d e n c e ,  a s  i t  must be i f  f a c t o r s  (1) and (2) r e s p e c t i v e l y  c o n t r o l  
d i f f u s i o n  i n  t h e s e  s i t u a t i o n s .
(b) The e x i s t e n c e  o f  t h e  v a c a n c y - h o le  p a i r s  found by Henderson e t  a l . 
(1969) can be im m edia te ly  e x p l a i n e d .
(c) I f  t h e  l a t t i c e  d i f f u s i o n  c o - e f f i c i e n t  o f  Ni i n  vacuo be g r e a t e r  
t h a n  i n  a i r  (V.4) one must assume a s  f o r  f a c t o r  (1) t h a t  a t  low p r e s s u r e s  
t h i s  f a c t o r  becomes u n i m p o r t a n t ,  F r e n k e l  d e f e c t  e q u i l i b r i a  t a k i n g  o v e r  as 
t h e  c o n t r o l l e r s  of  t h e  Ni d i f f u s i o n  r a t e .  However u n l i k e  f a c t o r  (1) t h i s  
f a c t o r  w i l l  l e a d  t o  t h e  f a l l  i n  c a t i o n  vacancy c o n c e n t r a t i o n  which makes 
t h e  changeover  p o s s i b l e  w i th o u t  a d d i t i o n a l  a s s u m p t io n s .
(d) The smal l  p r e - e x p o n e n t i a l  f a c t o r  found by Kumar and Gupta (1969) 
i s  c o n s i s t e n t  w i th  t h e  d e f e c t  c o n c e n t r a t i o n  b e in g  c o n t r o l l e d  by an  a tm os ­
p h e r e - r e a c t i o n  ( see  1 . 6 . 3 ) .
Note t h a t  t h e  d i f f u s i o n  c o - e f f i c i e n t s  measured by Gupta and Weir ick  
(1967) must s t i l l  be assumed t o  be e x t r i n s i c .
The arguments a g a i n s t  t h e s e  r e a c t i o n s  b e in g  im p o r ta n t  i n  CaO now
fo l lo w .
(a) The im por tance  o f  t h e  a t m o s p h e r e - r e a c t i o n  was deduced by De Keyser
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et al. (1969) from conductivity measurements, which are often unreliable 
for ionic oxides (see Ozkan and Moulson (1970)).
(b) The experimental activation energies require that the enthalpy of 
the atmosphere-reaction and vacancy-hole binding reactions combined be 
less than about 4.5 eV, while the calculations of Chapter IV suggest that 
the enthalpy of the atmosphere-reaction is over 20cV.(see 1.4.2, Table VII). 
The discrepancy could be explained by the vacancy-hole binding enthalpy or 
the inadequacy of the calculation. However the vacancy-hole binding enthalpy 
required to explain the discrepancy would be very large and as far as the 
calculations are concerned, it should be noted that calculations similar 
to those in Chapter IV for the corresponding atmosphere-reaction in SrO gave 
an enthalpy within a factor of 2 of the experimental value found by Murarka 
and Swalin (1971).
(4) To explain sintering in MgO and CaO Petersen et al. (1968) proposed 
the reaction 
2-0 (at anion site) + I^O (gas) = 20H (at anion sites) + cation vacancy.
(These OH are not those discussed in V.4; they have a distinct absorption 
spectrum.) This reaction, combined perhaps with vacancy -OH and vacancy- 
hole equilibria, could control cation diffusion in CaO, the points in 
favour of its doing so being:
(i) (a), (c) and (d) as for factor (3) above (except that one cannot give 
a quantitative estimate of the expected ratio of diffusion rates in air 
and argon in this case).
(ii) the reasonable agreement between the reaction enthalpy deduced from
experiment and that calculated in Chapter IV. Assuming (to make the
comparison as unfavourable as possible) that the vacancies remain doubly
charged and that the vacancy -OH binding enthalpy be small (cf. 0.2eV
in MgO found by Searle (1969)) and taking H -H, -k31nf/S(1/T) as 1.2eV 2 + 2 +  m bfor Ca and Sr , one finds from the experimental activation energies
a reaction enthalpy of l-^-d^eV, The exact value depending on the
extent of OH -vacancy binding. The theoretical value, believed to be high,
is 7V2eV (Table VII).
The objections to this factor being important are:
(i) sintering studies are not a reliable guide to processes in single 
crystals. This objection is similar to (a) for factor (3).
(ii) Unlike (3) this reaction does not provide holes to combine with
the vacancies. One can postulate an alternative water-vapour reaction that
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docs provide holes:
11^ 0 (gas) = 1/2H2 (gas) + Oil (anion site) + cation vacancy + hole.
However the theoretical enthalpy of this reaction is high (as for (3)) and 
there is no independent evidence for this reaction in CaO.
The best way of deciding between (3) and (4) would be to make 
diffusion runs in atmospheres rich in oxygen and poor in water vapour or 
vice-versa and compare the diffusion co-efficients obtained with those in 
air. However on the evidence available the decision between the two 
atmosphere-reactions depends on whether objection (b) for (3) or (ii) 
for (4) is easier to explain away. It seems more reasonable for vacancy- 
hole pairs to be able to be formed by a co-existing reaction than for the 
vacancy-hole binding enthalpy to be about lOeV, so that (4) must be regarded 
as more likely than (3).
The probable diffusion controlling factors consistent with the 
constraints imposed on the discussion (viz., only mechanisms for which 
there is independent evidence were considered and it was assumed that 
diffusion in air proceeds by a single mechanism throughout 1090-1750°C.) 
may be summarized as follows, (i) and (ii) being equally likely and (iii) 
less likely.
(i) The water-vapour atmosphere-reaction combined perhaps with cation 
vacancy-OH and cation vacancy-hole equilibria controls the diffusion
rates in air measured in this study and the diffusion rates in argon measured 
by Kumar and Gupta (1969).
(ii) Aliovalent impurities present in concentrations greater than their 
solubility limits in 1100-1750°C. control the diffusion rates in air 
measured in this study. Schottky defect and cation vacancy-hole equilibria 
control the diffusion rates in argon measured by Kumar and Gupta (1969).
(iii) The oxygen atmosphere-reaction combined perhaps with cation vacancy- 
hole equilibria controls both sets of diffusion rates.
The factors controlling the diffusion rates measured by Gupta and 
Weirick (1967) and De Keyset et al. (1969) will be those given in 1.6.1.
If the lattice diffusion co-efficient, of Ni be greater in vacuo than in
air the Ni diffusion in vacuo is probably via interstitials, the concentration
of which is controlled by Frenkel defect equilibria.
These are only tentative conclusions; many possible mechanisms for
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which t h e r e  i s  no c o n c r e t e  ev idence  a t  p r e s e n t  have no t  been  c o n s i d e r e d .
To o b t a i n  d e f i n i t e  i n f o r m a t i o n  about  t h e  d i f f u s i o n  mechanism one should  
measure t h e  l a t t i c e  d i f f u s i o n  c o - e f f i c i e n t  as  a f u n c t i o n  o f  a tmosphere  and,  
i f  t h e  d i f f u s i o n  c o - e f f i c i e n t  be a t m o s p h e r e - in d e p e n d e n t , as  a f u n c t i o n  o f  
im p u r i t y  c o n t e n t .  S p e c t ro s c o p i c  or  r e s o n a n c e  s t u d i e s  o f  t h e  c r y s t a l  w i l l  
o f t e n  show what t y p e s  o f  d e f e c t  a r e  p r e s e n t  and g iv e  e x p e r im e n ta l  v a l u e s  
o f  q u a n t i t i e s  such  as K. and w. (Eqn. ( 1 . 2 6 ) ,  p . l l .  See G las s  and S e a r l e  
(1968) ,  S e a r l e  (1969) f o r  ana logous  work in  MgO.) T h e o r e t i c a l  c a l c u l a t i o n s  
and i s o t o p e  e f f e c t  d e t e r m i n a t i o n s  may th e n  fo l l o w .
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CHAPTER VI
CONCLUSIONS
On the basis of the results and discussions the following conclusions 
can be reached.
(1) Above 1100°C. (for Ni and Sr) or 1450°C. (for Y) the measured diffusion 
co-efficients in air (except for those obtained from short runs) probably 
represent equilibrium lattice diffusion; the discussion leading to
(3)-(6) below assumes this probability to be a certainty. The "short-circuit" 
path diffusion that is observed shows the following characteristics:
(a) it is only detectable after short annealing times
(b) the enhancement is relatively small
(c) the paths are ym wide, normal to the surface and clustered
(d) the diffusion parameters are similar to those observed for "short- 
circuit" diffusion of Ca in CaO (Gupta and Weirick (1967)).
It is proposed that this "short-circuit" diffusion is due to damage 
produced during crystal preparation for a run by grinding or hydration.
This type of "short-circuit" diffusion has not been observed in MgO (being 
distinct from the two kinds that have been described for MgO) presumably 
because MgO is harder and less easily hydrated than CaO. A possible decrease 
in Q(Ni) below 1100°C. might possibly be due to the same kind of damage, 
which would anneal out more slowly at lower temperatures.
(2) There is evidence that the surface diffusion rate of Ni in CaO is 
about 106±1 times the volume diffusion rate.
(3) The small activation energy size effect for Sr and Ni (Q(Sr)-Q(Ni) = 
0.2±0.2eV while Q(Sr) = 2.58±.08eV in 1090-1750°C.) is similar to that found 
for monovalent ions in NaCl and KC1 and distinct from that for Sr and Ni in 
MgO. These results can be explained by supposing that in these close- 
packed compounds the size effect on 11^  is cancelled by the size effect on 
other factors (e.g. correlation and binding enthalpy) when the diffusing 
ion is not too different in size from the corresponding host ion. A few 
naturally-occurring ions are large enough for this cancellation to break 
down when these ions are diffusing in small host cation materials such
as MgO; large size effects can then occur.
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Some e m p i r i c a l  o b s e r v a t i o n s  on t h e  d i f f u s i o n  r a t e  s i z e  e f f e c t  
(D(N i) /D (Sr)  = 2-5 in  1100-1700°C.) were made.
(4) I n c r e a s e d  c h a rg e  on t h e  d i f f u s i n g  ion  r e d u c e s  t h e  r a t e  o f  t r a c e r  
d i f f u s i o n  (D(Sr" + ) /D (Y^+) ^10-40 i n  1450-1750°C.).  A 50% change i n  t h e  
d i f f u s i n g  ion  c h a rg e  t h e r e f o r e  has  in  t h i s  c a s e  a much b i g g e r  e f f e c t  on 
t h e  d i f f u s i o n  r a t e  t h a n  a 50% change in  th e  i o n i c  r a d i u s .  T oge the r  w i th  
ev idence  from NiO d i f f u s i o n  t h i s  s u g g e s t s  t h a t  a change in  t h e  ch a rg e  o f  
t h e  d i f f u s i n g  ion  has  a much b ig g e r  e f f e c t  on t h e  d i f f u s i o n  r a t e  t h a n  a 
comparab le  change i n  t h e  s i z e  o f  t h e  d i f f u s i n g  io n .  V ar ious  e x p l a n a t i o n s  
o f  t h e  charge  e f f e c t  a r e  s u g g e s t e d ;  t o  d e c i d e  which i s  c o r r e c t  more 
a c c u r a t e  measurement o f  D(Y'^+) and a knowledge of  t h e  d i f f u s i o n  mechanisms 
o f  d i v a l e n t  and t r i v a l e n t  ions  a r e  r e q u i r e d .
(5) At 1650°C. t h e  r a t e  o f  d i f f u s i o n  o f  Ni i n  vacuo (10  ^ t o r r )  was
25±15 t im es  t h a t  i n  a i r .  The enhancement cou ld  be produced by,  among o t h e r  
f a c t o r s ,  t h e  t r a c e r  o n ly  d i s s o l v i n g  a t  s i t e s  n e a r  r e g i o n s  o f  r a p i d  
d i f f u s i o n ,  s low a n n e a l i n g  o f  h y d r a t i o n  damage or  a r e a l  enhancement o f  
l a t t i c e  d i f f u s i o n  i n  vacuo.  (The l a s t  o f  t h e s e  would imply t h a t  Ni 
d i f f u s e s  v i a  i n t e r s t i t i a l s  i n  vacuo.  S ince  t h e  d i f f u s i o n  r a t e  v i a  i n t e r ­
s t i t i a l s  w i l l ,  i f  a n y t h i n g ,  d e c r e a s e  w i th  i n c r e a s i n g  am bient  p r e s s u r e  
w h i le  t h a t  v i a  v a c a n c i e s  w i l l  i n c r e a s e ,  t h i s  does n o t  imply t h a t  i n t e r ­
s t i t i a l s  c o n t r o l  Ni d i f f u s i o n  in  a i r . )  A method o f  e l i m i n a t i n g  t h e  f i r s t  
two c a u s e s  i s  g iv e n .
(6) Two main t y p e s  o f  f a c t o r s  may be c o n t r o l l i n g  t h e  d i f f u s i o n  r a t e s  i n  
a i r  measured in  t h i s  s t u d y  and th e  d i f f u s i o n  r a t e s  measured by Kumar and 
Gupta (1969) .
(a) A l i o v a l e n t  i m p u r i t i e s  o f  p o s i t i v e  e f f e c t i v e  cha rge  p r e s e n t  i n  con­
c e n t r a t i o n s  g r e a t e r  t h a n  t h e i r  s o l u b i l i t y  l i m i t s  in  1100-1750°C. c o n t r o l  
t h e  d i f f u s i o n  i n  a i r  measured i n  t h i s  s t u d y .  S ch o t tk y  d e f e c t  and c a t i o n  
v a c a n c y -h o le  e q u i l i b r i a  c o n t r o l  t h e  d i f f u s i o n  measured by Kumar and 
Gupta (1969).
(b) An a t m o s p h e r e - r e a c t i o n ,  combined perhaps  w i th  c a t i o n  v a c a n c y -h o le  
or  c a t i o n  vacancy -OH e q u i l i b r i a  cou ld  be c o n t r o l l i n g  b o th  s e t s  o f  
d i f f u s i o n  r a t e s .  The a t m o s p h e r e - r e a c t i o n  cou ld  in v o l v e  oxygen or  w a te r  
vapour ;  t h e  o b j e c t i o n s  t o  t h e  im por tance  o f  w a te r -v a p o u r  r e a c t i o n s  a r e  
e a s i e r  t o  e x p l a i n  away so t h a t  a r e a c t i o n  o f  t h i s  k ind  must be c o n s id e r e d  
more l i k e l y .  I f  most c a t i o n  v a c a n c i e s  a r e  no t  bound t o  h o l e s ,  t h e  e n t h a l p y
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of  t h e  r e a c t i o n  w i l l  be about  1 .5 -4 .5eV .
I f  t h e  Ni l a t t i c e  d i f f u s i o n  c o - e f f i c i e n t  be h i g h e r  i n  vacuo th an  
in  a i r  Ni must d i f f u s e  i n  vacuo v i a  i n t e r s t i t i a l s .  The s e l f - d i f f u s i o n  
r a t e s  measured by Gupta and Wei r ick (1967) and De Keyser e t  a l .  (1969)
. appea r  t o  be c o n t r o l l e d  by i m p u r i t i e s  o f  p o s i t i v e  and n e g a t i v e  e f f e c t i v e  
ch a rg e  r e s p e c t i v e l y .  O ther  f a c t o r s  or  d i f f e r e n t  com bina t ions  o f  t h o s e  
g iv e n  a r e  p o s s i b l e ;  t h o s e  g iv e n  above a r e  o n ly  th e  most p l a u s i b l e  on 
t h e  i n f o r m a t i o n  a v a i l a b l e .  Genera l  c o n s i d e r a t i o n s  f o r  e l u c i d a t i n g  t h e  
mechanism were g iv e n .
] 22
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LIST OF SYMBOLS
Only t h e  more common symbols a r c  l i s t e d .
a L a t t i c e  p a r a m e te r  o f  t h e  c r y s t a l .
A(x ) The a c t i v i t y  r em a in in g  a f t e r  a t h i c k n e s s  x was removed from 
n t h e  c r y s t a l .  11
b D i s t a n c e  between n e ig h b o u r in g  s h o r t - c i r c u i t  p a t h s  c a l c u l a t e d
by Suzuoka’ s method.
c C o n c e n t r a t i o n  o f  t h e  d i f f u s i n g  s u b s t a n c e  ( u s u a l l y  a f u n c t i o n
o f  t im e  and p o s i t i o n ) .
CL C o n c e n t r a t i o n  o f  background im p u r i t y  i .
D D i f f u s i o n  c o - e f f i c i e n t  (see  1 .2  f o r  d e f n . ) .
Dj L a t t i c e  d i f f u s i o n  c o - e f f i c i e n t .
Dl S h o r t - c i r c u i t  p a t h  d i f f u s i o n  c o - e f f i c i e n t .
<5 Width o f  s h o r t - c i r c u i t  p a th  c a l c u l a t e d  by Suzuoka ' s  method
( i n c l u d i n g  t h e  e f f e c t s  o f  s e g r e g a t i o n ,  e t c . ) .
D t ^ ^  A p a r a m e te r  g i v i n g  t h e  e f f e c t i v e  r e s o l u t i o n  c o r r e c t i o n  f o r  
a u t o r a d i o g r a p h i c  a n a l y s i s  ( s ee  I 1 . 6 . 3 . ,  eqn.  ( 2 . 8 ) ) .
f  C o r r e l a t i o n  f a c t o r  ( s ee  1 . 3 . 1 . ,  eqn.  ( 1 . 1 0 ) ) .
f  The e f f e c t i v e  c o r r e l a t i o n  f a c t o r  in  t h e  app rox im ate  e x p r e s s i o n
f o r  d i f f u s i o n  by a vacancy  mechanism t a k i n g  i n t o  ac c o u n t  
a s s o c i a t e d  and f r e e  v a c a n c i e s .
G The symbol i n  g e n e r a l  was used f o r  f r e e  ene rgy ,  w i th  v a r i o u s
s u b s c r i p t s  ( s ee  e n t r i e s  f o r  H w i th  s u b s c r i p t s ) .
H The symbol i n  g e n e r a l  was used f o r  e n t h a l p y ,  w i th  v a r i o u s  s u b s c r i p t s
H, E n th a lp y  o f  b i n d i n g  o f  th e  d i f f u s i n g  io n  t o  a f r e e  vacancy
(or  vac .  p a i r ) .
11^  The e f f e c t i v e  av e ra g e  e n t h a l p y  o f  b i n d i n g  o f  t h e  d i f f u s i n g  ion
to  a vacancy  ( f r e e  or  a s s o c i a t e d  w i th  a n o t h e r  im p u r i t y  i o n ) .
Hid The e n t h a l p y  o f  b i n d i n g  o f  a background i m p u r i t y  ion  i  t o  a f r e e
d e f e c t  ( u s u a l l y  a c a t i o n  o r  an ion  vaca n cy ) .
H The e n t h a l p y  o f  m i g r a t i o n  o f  an ion  by a f r e e  vacancy mechanism.
H The e f f e c t i v e  e n t h a l p y  of  m i g r a t i o n  o f  an ion  by a vacancy
mechanijsm t a k i n g  i n t o  accoun t  f r e e  and a s s o c i a t e d  v a c a n c i e s .
(Like H t h i s  i s  an app rox im ate  c o n c e p t ;  s ee  1 . 4 . 1 . ,  eqn.
( 1 . 2 7 ) .
The enthalpy of the non-impurity equilibrium controlling the 
vacancy concentration (provided there is only one).
The enthalpy of solution of the background impurity ion i.
Boltzmann's constant.
This symbol was used for the various equilibrium constants involved.
T The subscripts used were the same as those for H.
This is the non-free energy factor in the non-impurity equilibrium 
controlling the vacancy concentration (e.g. oxygen or water 
vapour pressure).
The weighting factor giving the approximate contribution of 
vacancies associated with background impurities to the 
diffusion co-efficient (see 1.4.1., eqn. (1.27)).
The symbol for Muscle Shoals crystals.
The symbol for 3N+Spicer?s crystals.
The symbol for 3N Spicer's crystals.
This was used instead of xq in discussing sectioning.
The photographic density in a region of an autoradiograph.
(A function of position.)
The activation energy.
The jump distance of a diffusing ion (Chapter I).
the actual distance between positive and negative ions 
(Chapt er IV).
This was used with subscripts for the entropy of migration and 
the various equilibria discussed. See under H above for 
the subscripts in each case.
The time during which diffusion was taking place.
The temperature (on the absolute scale unless otherwise stated).
The effective absorption co-efficient (see I1.6.2, eqn. (2.1)).
The resolution function used in autoradiography (see II.6.3, 
eqn. (2.6)).
The probability of an ion making a jump to <x particular vacant 
site not having any other impurities associated with it 
(Chapter I only).
The equivalent to w, averaging over all the vacancies contributing 
to diffusion, whether associated or not (Chapter I only).
The lattice energy of the crystal/ion pair.
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w(r)  The r e p u l s i v e  p o t e n t i a l  between n e a r e s t  n e ighbour  io n s  when th e y
a r e  a d i s t a n c e  r  a p a r t  (Chapter  I V ) .
a) The p r o b a b i l i t y  o f  an ion  making any jump t o  a n o t h e r  s i t e  by
a p a r t i c u l a r  mechanism.
x , y , z  The p o s i t i o n  v a r i a b l e s .  The d i r e c t i o n  along which t h e  f u n c t i o n a l  
dependence  o f  t h e  c o n c e n t r a t i o n  was de te rm ined  was u s u a l l y  x.
x  ^ The d i s t a n c e  from t h e  i n t e r f a c e  i n  t h e  x - d i r e c t i o n  on t h e  c r y s t a l .
x^ The d i s t a n c e  from t h e  p o s i t i o n  c o r r e s p o n d in g  t o  t h e  i n t e r f a c e
on t h e  a u t o r a d i o g r a p h .
These symbols were used  in  d i s c u s s i n g  a u t o r a d i o g r a p h i c  a n a l y s i s .
x The t h i c k n e s s  removed a f t e r  n s e c t i o n s  ( i n  s e c t i o n i n g ) .
